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Abstract 
 
Three Dimensional Printing (3DP) is a process that enables the fabrication of geometrically 
complex parts directly from computer-aided design (CAD) models.  The success of 3DP as an alternative 
manufacturing technology to bulk machining of materials for complex parts has been demonstrated.  By 
proof of concept, 3DP has demonstrated the ability to create parts with Local Control of the Composition 
(LCC).  LCC allows tailoring the material properties in regions of a part for functional purposes.  In this 
work, LCC was studied and demonstrated by fabricating bimetallic bars consisting of two layers of Fe-Ni 
alloys with different composition and, hence, different thermal expansion properties; the coefficient of 
thermal expansion (CTE) of Fe-Ni system is sensitive to its composition.  
Two types of the binder/dopant slurries were made for making the LCC bars.  One type consisted 
of dispersions of Fe2O3 particles in water, and the other consisted of dispersion of NiO in water.  The 
LCC bars were successfully made by printing the Fe2O3/NiO slurries into Fe-30Ni base powders.  After 
heat treatment to impart strength to the printed bars, the bars were successfully retrieved from unbound 
powders.  The bars, then, were annealed at 1400 oC for 2 hours for sintering and homogenization.  The 
final composition of the base powders were changed accordingly.  In the layers on which an Fe2O3 slurry 
was printed, the Fe composition of the layers increased on average to 72wt%.  Similarly, the Ni 
composition of the Ni-enriched lyaers of the bars increased on average to 33wt%.   
The densification and local homogenization resulting from reduction and sintering treatments were 
not satisfactory.  The major problem was presumably caused by the oxide residues.  The presence of the 
oxide powders was evident from the microprobe measurement.  The oxide residues caused the local 
compositions to be inhomogeneous.  As a result, the compositional profiles showed considerable scatter.  
Moreover, the residues impeded the sintering rate of the bars; the sintering densities of the bars were as 
small as 78% of the theoretical density.   
The resulting bimetallic bars did exhibit bending deflection on uniform heating.  However, the 
bending deflections were much smaller than expected.  Evidently, the compositional profiles of the bars 
critically influence their thermal bending properties.  The scatter in the compositional profiles resulted in 
local variations of CTE in the bars, which degraded the thermal bending properties.  A linear elastic 
model that allows prediction of the deflection as a function of composition profile shows good agreement 
with the observed deflections in the bimetallic bars with LCC. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Three dimensional printing: Technology background 
 
Three Dimensional Printing (3DP), a Solid Freeform Fabrication (SFF) technology 
invented by MIT, is a process that enables the fabrication of geometrically complex parts directly 
from computer-aided design (CAD) models.[1-2]  The schematic process of 3DP is illustrated in 
Figure 1.1.[3] 
The 3DP process is similar to the mechanism of an ink-jet printer.  Instead of ink, a liquid 
binder, e.g. a polymer adhesive, is printed onto a layer of powder, analogous to a piece of paper.  
A 3DP machine spreads the first powder layer on a powder bed.  Then, a liquid binder is printed 
onto the first powder layer following a computer-defined pattern.  A print head is driven by a 
computer file containing a three-dimensional (3-D) representation of the part instead of 2-D file 
as used in an ink-jet printer.  When the first powder layer is completely printed, the printed layer 
is lowered with the powder bed.  Next, an additional two-dimensional layer of powder is spread 
and selectively joined with the binder on the previous powder layer.  The process is repeated 
until the end of the 3-D file.  After the process finishes, the unbound powders are removed, for 
example by a vacuum cleaner and a brush.  The remaining glued powders form a 3-D skeleton in 
the shape of the designed model.  Finally, the 3-D skeleton undergoes a strengthening process to 
ensure that the final 3-D part is strong and durable. 
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Figure 1.1 The schematic illustration of the 3DP process (Courtesy of Prof. Allen). 
 
1.2 Motivation 
 
The success of 3DP as an alternative manufacturing technology to bulk machining of 
materials for complex parts has been demonstrated.  By using the capability of 3DP technology, 
one might be able to create parts with Local Control of the Composition (LCC) by selectively 
printing materials that remain in the part permanently.  LCC allows tailoring the material 
properties in regions of a part corresponding to the designated local composition.[3]  For 
example, one might be able to increase the wear resistance of machining tools by printing 
carbides at the tool surfaces.  As a result, the tools become ultra wear-resistant at the surfaces 
where most wear occurs, while remaining ductile in the interior.   
Two types of applications potentially suitable with LCC are 
(1) Gradient Index lenses (GRIN) and (2) metallic components with LCC.  GRIN lenses, 
which refract light by a local variation in composition and, hence, an index of refraction, have 
been successfully fabricated using the Slurry-based Three-Dimensional Printing (S-3DP) 
process.[4,5]  In the S-3DP process, parts are created in a layer-by-layer build sequence in which 
a powder bed is created by jetting a ceramic slurry onto a substrate.  The as-cast layer is then 
dried and a binder, which glues the ceramic particles, is selectively deposited in the desired 
pattern.  The S-3DP process is modified to make GRIN lenses by depositing different amounts of 
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alumina dopant, instead of a binder, into a silica base material.  The modified S-3DP offers 
advantages over conventional GRIN lens processing methods, which include a reduced 
processing time, improved compositional flexibility, and increased index profile dimensionality. 
The fabrication of metallic components with LCC by 3DP is the subject of this thesis.  A 
demonstration of fabrication of geometrically simple metallic parts with LCC was studied first.  
Specifically, we demonstrated the application of LCC and 3DP by fabrication of bimetallic bars 
consisting of two mechanically-bonded layers of two different materials with different thermal 
expansion properties.  When the bars are subject to a temperature change, they bend due to the 
different coefficients of thermal expansion (CTE).[6] 
Generally, a bimetallic strip consists of a low CTE alloy bonded to a high CTE alloy.  As 
a result, to make a bimetallic strip with LCC, a material system whose CTE is sensitive to its 
composition is desired.  Such behavior is found in the Fe-Ni alloy system.   
The anomalous characteristic of the thermal expansion property of an Iron-Nickel alloy 
was first discovered by Guillaume in 1897 [7, 8].  He found that the Fe-Ni alloy with 35 at% Ni 
had a very small thermal expansion coefficient of less than 1.2 x 10-6 C-1 at a room temperature.  
Figure 1.2 shows the thermal expansion coefficient curve as a function of composition in an Fe-
Ni system [8].  The name Invar (a contraction of “INVARiable”) has been given to the alloys 
with expansion coefficients in a vicinity of the minimum value.  
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Figure 1.2 Thermal Expansion Coefficients as a function of Ni contents in an Fe-Ni alloy [8]. 
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1.3 Methodology 
 
A procedure of the fabrication of an LCC bimetallic bar is schematically shown in Figure 
1.3.  First, a powder bed of Fe-30wt%Ni powders is spread.  Then, an Fe-dopant slurry is printed 
onto the powder so that the final Fe content increases.  By successive printing of such layers, an 
iron-enriched volume of arbitrary thickness can be produced.  Then, by repeating the process 
with a nickel-dopant slurry, a nickel-enriched volume can be printed resulting in a bimetallic part 
with regions locally enriched in iron adjacent to regions enriched in nickel.  After completion of 
printing, the printed bar can be heated at a low temperature (~400 oC) so that the any undesired 
materials in both Fe and Ni slurries are eliminated, leaving only small Fe and Ni particles in the 
bar.  The small Fe and Ni particles should sinter faster and at a lower temperature than the larger 
base Fe-30Ni powders.  As a result, these small powders sinter and form interparticle bonds that 
give the printed part strength.  So, one can remove unprinted and excess powders and retrieve the 
printed bar.  After the printed bar is successfully retrieved, it can be heated and annealed at a 
high temperature (~1400 oC).  At this high temperature, the bar locally homogenizes; the Fe/Ni 
elements inter-diffuse from the Fe/Ni dopants to the base powders.  At the same time, the bar 
sinters and densifies.  Heated for a suitable time, each region of the bar would be homogenized 
to different composition and have a final density close to the theoretical densities of the 
corresponding homogeneous Fe-Ni alloys.  
 
  
 
 
 
 
 
Figure 1.3 Schematic illustration of the fabrication of a Fe-Ni bimetallic bar with LCC. 
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1.4 Thesis direction and goals 
 
The objective of this project was to demonstrate the promise of 3DP to create parts with 
local control of the composition (LCC) in 3-D.  Precisely, we wanted to learn of the capability of 
3DP for implementation of LCC.  Consequently, using procedures described in the previous 
section, bimetallic bars from an Fe-Ni system were fabricated by 3DP to demonstrate such 
capability of 3DP.  Therefore, the feasibility of LCC by 3DP could be evaluated through the 
fabrication of LCC bimetallic bars.  The goals of this project, hence, were the following: 
1. To find the best approach to fabricate Fe-Ni bimetallic bars by 3DP. 
2. To obtain suitable slurries that would perform well as both binders and dopants. 
3. To vary the alloy composition and the thermal expansion property across the bars. 
4. To be able to locally homogenize the bars and also obtain high densification. 
5. To test the thermal bending characteristics of the bars. 
6. To be able to understand and explain any unexpected outcomes from the experiments. 
7. To overcome any upcoming challenges from the chosen approach.  These challenges 
will be explained extensively in the later chapters. 
8. To evaluate the degree of success of the exploitation of 3DP and LCC to fabricate 
bimetallic materials. 
9. To identify any possible challenges of LCC by 3DP for any other possible 
applications or future LCC projects. 
From the goals stated above, the majority of the work could be categorized into two 
areas.  The first involved the work of making a dopant slurry that could be jetted into the base 
powders successfully.  The second involved the study of the printing process and the 
characteristics of the printed bimetallic bars.  Therefore, this thesis is organized in the following 
manner.  The two areas of the work will be discussed separately in Chapters 2 and 3.  In these 
chapters, I will discuss backgrounds, experimental procedures, data and interpretation.  Then, in 
Chapter 4: Discussion, the results and discussion from Chapter 2 and 3 will be synthesized to 
evaluate the degree of success and promise of the project.  Finally, Chapter 5: Conclusions will 
show the list of important conclusions of the project and suggestions for future work. 
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CHAPTER 2: DOPANT SLURRY 
 
2.1 Introduction 
 
In this chapter, we discuss the process of making dopant slurries for printing bimetallic 
bars.  As mentioned in Chapter 1, solutions containing Fe/Ni elements would be used as media to 
transport and deposit Fe/Ni elements into base Fe-30Ni powders, so that the composition of the 
base powders could be locally tailored by selective printing. 
The dopant slurries would also act as a permanent binder.  The concept of a permanent 
binder is that the binder will react when fired to form interparticle bonds between two base 
powders and impart strength to the part, as illustrated in Figure 2.1[9].  For this binder system, 
the entire powder bed, after printing, is fired at a sufficiently high temperature to cause the 
binder to react and form interparticle bonds while leaving the unprinted regions unaffected.  
After heating, the part is retrieved from the excess part of the powder bed.  As a result, the slurry 
provides the printed part strength as well as depositing dopant in the part. 
 
Figure 2.1 Illustration of the comparison between polymeric and reactive binders. 
 
Permanent Binder of 
Metal Oxide Slurry or 
Metal Salt Solution 
Initial Loose Powders
Polymer Binder 
Firing 
Reduced Metals forming 
interparticle bonding 
Firing
Printing
Printing
Polymeric binder Permanent binder 
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The first task was to find materials candidates as dopant/binder solutions.  The key 
characteristics of the solutions are that they should: 
1. Transport sufficient quantities of Fe/Ni elements into printed parts after removal of 
unwanted elements/substances by firing; this required that the solutions could easily 
penetrate the powder bed carrying along Fe/Ni and depositing them in the base 
powders, 
2. Give sufficient differential strength between the parts and unprinted powders after 
firing and decomposition, so the parts could be retrieved from excess powders by low 
air flows or brushes, 
3. Be printed by a 3DP machine, e.g. they could be jetted through a nozzle without 
sedimentation or clogging. 
In this chapter, the work on making suitable solutions that met all of the above 
specifications will be presented and discussed. 
 
2.2 Materials system selections 
 
Before finding materials systems for dopant/binder solutions, proper methods to make 
such solutions must be chosen.  There were two types of potentially applicable metal-containing 
solutions.  The first type was a concentrated Fe/Ni salt solution, e.g. nickel nitrate, nickel sulfate, 
iron sulfate, or iron chloride.  Fe/Ni salt solutions can be decomposed to pure iron or nickel 
elements easily at low temperature.  And, there is no “filtering effect” with them, because metal 
salts completely dissolve in aqueous solvents; the filtering effect occurs when the liquid carrier 
of the solutions is absorbed into the powder bed but leaves some of the dopant particles filtered 
out by the top layers of the powder bed.   
However, metal salt solutions were not suitable for binder/dopant solutions because of (1) 
the low residual Fe/Ni amounts from the solutions after decomposition and (2) the poor wetting 
ability between the salt solutions and Fe-30Ni powders.  First, the Fe/Ni amounts from the salt 
solutions after decomposition were too small to change the Fe/Ni contents of Fe-Ni alloy 
powders significantly.  For example, 0.6 ml of nickel nitrate, whose solubility is 1.23 g/ml at 20 
oC, can dissolve in 0.4 ml of water to form 1 ml of a nickel nitrate solution; therefore, the volume 
percentage of nickel nitrate dissolving in the solution is as high as 60 vol%.  However, the Ni 
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volume percentage of the solution is only 2.74 vol%.  Moreover, the metal salt solutions were 
not absorbed into an Fe-30wt%Ni powder bed easily.  This was tested by eye-dropping a drop of 
a nickel nitrate solution onto a tapped bed of Fe-30Ni powder.  The drop formed a stable 
hemispherical ball on the surface of the powder bed without any sign of being absorbed into the 
powders.  This was because the solution did not wet the powders well due to the high interfacial 
energy between the solution and the powders.  Isopropyl alcohol (IPA) was added to reduce the 
surface tension of the solution; the surface tension values of IPA and water are 21.79 and 72.8 
dyn/cm respectively [10].  Still, the salt solution with the addition of IPA could not be adsorbed 
into the powder bed. As a result, metal salts were not used in this work. 
The other type of dopant/binder solutions considered was a dispersion of Fe/Ni powders, 
such as carbonyl iron, carbonyl nickel, iron oxide, and nickel oxide, in liquid media.  An Fe/Ni 
dispersion allowed us to print small Fe/Ni particles directly into a powder bed via a liquid 
carrier.  This idea of direct printing of small particles came from the strong dependence on 
particle size of the sintering driving force.  The driving force of sintering is a reduction in surface 
energy.  Smaller particles have higher surface area per unit volume (Sv).  Therefore, the surface 
energy per unit volume increases as the diameter of the particles decreases.  As a result, the 
sintering rate of finer particles is faster than that of coarser particles. [11-12]    Therefore, when 
printed directly into a powder bed, sub-micron particles would sinter to one another and to larger 
-44-micron Fe-30Ni powders at a low temperature to form the interparticle bonds in a printed 
part.  At that low temperature, the large Fe-30Ni powders should not start sintering considerably 
and should be easily removed if unprinted with the dispersion.    
In order to successfully print fine particles by a 3DP machine without clogging a 50-
micron nozzle, a stable dispersion of the particles must be made.  We decided not to work with 
carbonyl iron and carbonyl nickel because of their metallic natures.  From the past work, metallic 
powders were poor for making slurries [9].  First, they are ductile, thus, they only deform rather 
than break into smaller pieces during milling process.  Second, they are easily oxidized in water 
and, hence, are likely contaminated by oxide formation.  Finally, the densities of metallic 
powders are higher than those of oxide powders, hence, metallic powders are harder to disperse 
in a slurry than oxide powders.  Therefore, we chose to work with nickel oxide and iron oxide 
powders to make dopant/binder slurries instead of iron or nickel powders.  
 
 19
2.3 Experimental Procedure 
 
2.3.1 Introduction 
 
As aforementioned, three key characteristics were desired for good dopant/binder 
slurries.  The first one involved the capability of the slurries that could transport a considerable 
amount of Fe/Ni elements into a powder bed.  Therefore, the oxide powders (Fe2O3, NiO) must 
be able to be decomposed to Fe/Ni elements under reduction atmosphere, e.g. H2 gas, 
successfully at a low temperature and in a reasonably short time.  Thermal Gravity Analysis 
(TGA) was used to test the kinetics of the reduction of Fe2O3 and NiO powders.  For the second 
characteristic, the slurries should create differential strength between printed parts and 
excess/unprinted powders after preliminary heat treatment.  The slurries must provide sufficient 
strength to the printed parts at a temperature below the normal sintering temperature of the base 
powders.  The small oxide particles should form bonding necks between large particles at a low 
enough temperature that the excess/unprinted powders do not sinter and thus allow removal of 
the printed part from the surrounding loose powder.  Therefore, we needed to determine the 
maximum temperature, noted as Tmax, that would give sufficient differential strength between the 
printed parts and the other unprinted/excess powders, so we could successfully retrieve the parts.  
The final characteristic of the slurries was their dispersing stability.  The slurries should be stable 
enough that the dispersed oxide powders did not settle too fast.  The powders must remain stably 
dispersed longer than one-half hour before any significant settling.  If the slurries were unstable 
and were poorly dispersed, the powders in the slurries would settle quickly and start to 
agglomerate into large aggregates, which could clog a print nozzle. 
 
2.3.2 Oxide reduction testing: Thermal Gravimetric Analysis (TGA) 
 
Thermal Gravimetirc Analysis was used to test the reduction of Fe2O3 and NiO to Fe and 
Ni respectively.  TGA is a method to measure weight loss during a heating process.  This 
technique provides information about the temperature-dependent weight loss of an oxide.  In this 
technique, an oxide sample is continuously heated under 5%H2-Ar gas at a constant rate (2-10 
 20
oC/min) and its weight is measured using a balance.[13] The machine setup is shown in Figure 
2.2.  The procedure of TGA analysis included: 
1. The weight of an empty Pt dish in a closed furnace was measured for record. 
2. The furnace was opened.  An oxide sample was placed on the Pt dish suspended with 
the balance on the top. 
3. The furnace was lifted up to cover the Pt dish.  5%H2-Ar gas then flowed through the 
furnace after it had been tightly closed. 
4. The weight of the Pt dish with the sample was measured. 
5. A heating profile was input.  The ramping rate was 10 oC/min.  Then, the furnace 
started to heat up accordingly.  
6. The weights of the Pt plate with the sample as temperature increased were measured 
and recorded. 
7. After the heating process was completed, the records of weights, temperatures, and 
time were used for analysis. 
 
Figure 2.2 Illustration of the setup of the TGA machine. 
Furnace 
Oxide samples on platinum 
plate 
Weight balance 
Gas flow out 
Gas flow in 
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2.3.3 Dispersion stability test and settling experiment:  
 
The quality of the slurries was verified.  If slurries sit undisturbed for a long time, 
dispersed solid particles will gradually settle out.  Stable slurries with sub-micron particles can 
last long before any significant settling.  Therefore, in this work, the stability of the slurries was 
checked by observing their settling behavior.  
The packing fraction of settled solids in slurries can also be used to check the quality of 
the slurries.  The packing fraction was measured by the following procedure: 
1. Fill a centrifuge tube with an oxide slurry with a known volume percentage of the 
oxide particles, VPoxide.  
2. Measure the volume of the filled slurry in the tube, Vs.  Calculate the total volume of 
the oxide particles, Voxide, in the tube using Vs and VPoxide. 
3. Centrifuge the tube at 400*g (g = 9.8 m/s2) for 6 hours. 
4. Measure the volume of the particles packing at the bottom of the tube, Vpacking. 
5. The packing fraction is equal to the ratio of Voxide to Vpacking. 
Theoretically, slurries with higher packing fractions have a better dispersing quality; this 
correlation will be explained more in the next section. 
 
2.3.4 Preliminary strength testing and determination of Tstrength 
 
In order to determine whether slurries would provide sufficient differential strength, we 
performed the following test: 
1. Use an eyedropper to manually place one drop of the slurry in three separate locations 
in an alumina boat filled with –44 micron Fe-30Ni powders. 
2. Fire the boat in a tube furnace to Tstrength (to be determined, ranging from 300-800 oC) 
for 1 hour at a ramping rate of 8 oC/min under H2 atmosphere. 
3. Manually and gently remove the eye-dropped samples from the alumina boat.  If 
Tstrength is right, the excess powders in the boat should still be loose without any 
sintering strength, and the printed samples should be strong enough that they were not 
affected or damaged during the removal process. 
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By the process above, we should be able to check the differential strength between the 
printed and unprinted regions, and also determine the Tstrength. 
 
2.3.5 Printing ability test 
 
We jetted slurries through a 50-micron diameter nozzle for suitably long test periods 
(~1.5 hours).  If the slurries could be jetted without any clogging for that long time, they should 
be suitable for printing by a 3DP machine.   
 
2.4 Oxide reduction results and interpretation 
 
2.4.1 Background 
 
First, we used the Ellingham diagram, shown in Figure 2.3, as a useful reference for the 
reduction of metal oxides.  The Ellingham diagram is a plot of the standard free energy of 
formation of several oxides versus temperature.  The unit of the free energy is in free energy per 
mole of oxygen rather than free energy per mole of oxide, so that one can compare different 
oxidation reactions directly. A simple rule for the Ellingham diagram is that an element located 
lower in the diagram can reduce an oxide located higher in the diagram.  However, this simple 
rule can be misleading.  The diagram shows the possibility of chemical reactions based on 
thermodynamics.  It does not indicate how quickly the reactions proceed.  Therefore, even 
though some reactions might be possible thermodynamically, it might take a long time before the 
reactions reach equilibrium.  Moreover, the rule is valid under an equilibrium condition.  As a 
result, if a system is prevented from reaching equilibrium, the rule is not applicable to the 
system.  For example, if a closed system initially contains Cr2O3 and H2, the rule predicts that 
only very small amount of Cr and H2O will be produced before the system reaches equilibrium 
because Cr/Cr2O3 lies below H2/H2O in the diagram.  However, if the gas (H2 and H2O) in the 
system is replaced by fresh and pure H2, additional amounts of Cr will be produced.  And, if this 
replacement is repeated for numerous times, we can finally reduce Cr2O3 to Cr successfully.[14]  
This condition usually existed in our experiments; the samples were reduced in a tube furnace 
through which hydrogen flowed at a high rate.  
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Figure 2.3 Ellingham Diagram (Courtesy of J.W. Evans, L.C. De Jonghe, [14]) 
 
Since we used H2 gas as a reducing agent in this experiment, any oxide system located 
above the H2/H2O line should be reducible under hydrogen atmosphere.  From the diagram, the 
Ni/NiO line is located above the H2/H2O line at all temperatures; therefore, it is 
thermodynamically possible to reduce NiO by H2.  However, the kinetics of this reaction would 
be tested by TGA. 
For Fe2O3, the reaction Fe2O3/Fe3O4 is well above the H2/H2O reaction in the diagram at 
all temperatures.  However, the reaction Fe3O4/Fe line is below the H2/H2O line at temperatures 
below 1100 oC.  Therefore, below 1100 oC and under equilibrium, Fe3O4 cannot be fully reduced 
to Fe by H2.  However, since hydrogen gas flowed through the tube furnace during heating, the 
 24
equilibrium might not be obtained; as a result, Fe3O4 was gradually reduced to Fe by fresh 
hydrogen.  This would be tested by TGA also. 
 
2.4.2 TGA results and discussion 
 
From the TGA analysis, NiO was successfully reduced to Ni.  Figure 2.4 shows the plot 
of the weight fraction of the tested sample of NiO powders vs. temperature from TGA.  From the 
figure, the weight started to drop sharply at approximately 350 oC.  After 400 oC, the sample 
continued to lose weight gradually.  The NiO powders were fully reduced to Ni at around 700 
oC.  As evident on the plot, at temperatures above 700 oC, the weight fraction remained steady at 
0.78, which is roughly the theoretical weight fraction of Ni in NiO.  The total heating time from 
350 to 700 oC was about 35 minutes.  The result shows that NiO could be reduced to Ni at 
temperatures above 350 C within a reasonable short time. 
Figure 2.5 shows a similar plot for Fe2O3.  The Fe2O3 powders started to reduce at around 
350 oC similar to the NiO powders.  However, after the weight of the powders was reduced to 
96% when the temperature reached 400 oC, the sample weight remained constant until the 
temperature reached 550 oC.  From then on, the sample weight kept reducing as the temperature 
increased until the weight fraction was approximately 0.70, which is about the theoretical weight 
fraction of Fe in Fe2O3.  The Fe2O3 sample was also fully reduced at around 700 oC.  The 
reduction behavior at the temperatures between 400-550 oC can be explained with the Ellingham 
diagram (Figure 2.3).  From the Ellingham diagram, Fe2O3 can be reduced to FeO by hydrogen 
gas.  However, FeO is thermodynamically unfavorable to be reduced further to Fe under the 
same atmosphere.  It requires higher activation energy, hence higher temperature, in order to 
stimulate the reaction, FeO + H2 Æ Fe + H2O, to proceed.  Therefore, the weight of the Fe2O3 
sample at the temperatures between 400-550 oC, which was actually reduced to FeO, stopped 
decreasing until the temperature was high enough for the complete reduction reaction to proceed.  
Correspondingly, the TGA result shows that Fe2O3 can be fully reduced to Fe at a minimum 
temperature of 550 oC.  The total reduction time from 350 oC to 700 oC was also 35 minutes. 
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Figure 2.4 TGA plot of the weight fraction of the NiO sample vs. temperature. 
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Figure 2.5 TGA plot of the weight fraction of the Fe2O3 sample vs. temperature. 
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2.5 Dispersion of metal oxide powders 
 
2.5.1 Background 
 
Colloidal slurries consist of stable suspensions of very fine particles in liquid.  They are 
useful means to handle fine particles, which usually cause many processing difficulties, such as 
becoming airborne, posing significant health hazards, and forming fluffy aggregates that make 
processing difficult.  Colloidal slurries can successfully help reduce these tendencies of dry 
particulates.  Very fine particles can be stably suspended in slurries by manipulation of their 
surface interactions, e.g. a change of the surface charge by changing the pH of slurries, or by 
addition of polymers to slurries.[14]  In this work, we stabilized the suspension of Fe2O3/NiO 
particles in a slurry by using a polymeric dispersant.  Therefore, in this thesis, we will limit the 
focus to polymeric dispersants. 
Colloidal stabilization by addition of polymeric dispersants to slurries is the oldest and 
most common method.  The use of polymeric dispersants in slurries helps prevent particles 
coming together and sticking to one another to form agglomerates, which increase the settling 
rate of slurries due to the larger size and weight of aggregated particles.  A stable dispersion can 
be made with a high solid content while retaining relatively low viscosity.  The polymeric 
dispersants act as stabilizing agents due to the interactions of the polymer chains themselves, 
when they have reacted and been attached to the particles’ surfaces.  The entanglement of 
polymers attached to the particles’ surfaces, as particles approach each other, contributes to the 
repulsive interaction between the particles, hence, helps stabilize the suspension of particles in a 
slurry. 
In this research, we studied the settling characteristic of particles in a slurry to test the 
quality of a slurry.  Even for a stable slurry, after sitting for a long time without any agitation, 
particles will finally settle to the bottom of the slurry due to the gravity force.  The settling of a 
colloidal suspension by itself without any other external force causes flocculation at the bottom.  
And the floc structure depends how the surface interactions are manipulated.  The floc structure 
can be understood by considering two steps: (1) sticking an arriving particle on another particle 
or a cluster of particles, and (2) rearrangement of the stuck particle or particle cluster into a 
lower-energy position.  If the arriving particle sticks with a cluster of particles tightly, the 2nd-
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step rearrangement will not occur much and a low-density floc with many pores between clusters 
will result.  Conversely, for the weaker attractive interaction between particles, the arriving 
particle will not stick with the cluster too tightly and thus permit some rearrangements.  More 
opportunity for rearrangement results in denser flocculation.[14] 
Settling without any other external force usually results in too low a density of 
flocculation.  Therefore, forcing particles to settle by centrifuging or filtration is preferred 
because it results in a much higher density.  For example, centrifuging makes the particles come 
together by increasing the gravity force on the particles.  Therefore, even if the particles have 
repulsive interactions among one another due to polymeric dispersants, the force can still 
dominate and force particles together.   
For a stable suspension with repulsive force from polymeric dispersants attached to the 
particles surfaces, the particles will stick less tightly together and hence more rearrangements can 
occur.  As a result, denser flocculation will occur.  Figure 2.6 below demonstrates the settling 
behavior under centrifuging force for different dispersant effectiveness. 
 
 
Figure 2.6 Demonstration of the settling behavior of particles in a slurry under centrifuging 
force: (A) a poor dispersing quality results in low-density flocs, (B) an average dispersing 
quality, and (C) a stable dispersing quality results in a denser flocculation and high packing 
fraction. (Courtesy of J.W. Evans, L.C. De Jonghe, [14]) 
 
In this experiment, we used the settling behavior of slurries subjected to centrifugal force 
to determine their quality.  Good and stable slurries should result in centrifuged packing fractions 
higher than 50%.  A high packing fraction indicates dense flocculation and, thus, strong 
repulsive interactions from polymeric dispersants. 
Slurries were mixed by ball milling.  A ball mill is a hollow rotating cylinder partially 
filled with hard, wear-resistant media.[15]  Milling is widely used to provide an effective 
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dispersion and mixing, and to reduce the average particle size of powders.  In this experiment, a 
plastic bottle was used as a mill, and short zirconia cylinders and alumina balls were used as 
milling media. 
 
2.5.2 Nickel Oxide dispersion 
 
Dispersion stability and settling tests 
 
Green NiO powders used in this work were Novamet green nickel oxide: type F provided 
by Novamet, NJ.  They were high pure grade with approximately 78 wt% of Ni.  The powder 
size was between 1-5 microns.  The slurries of the NiO powders were made by mixing the NiO 
powders with either water or isopropyl alcohol (IPA) and dispersants.  Then, the slurries were 
milled with either zirconia milling media or alumina milling balls for 3-16 hours.  Then, the 
milled slurries were stored in centrifuge test tubes.  Some of the tubes were centrifuged at 400*g 
(g = 9.8 m/s2) for about 4 hours for external-forced settling.  The others were left sitting to settle 
under the normal gravity (1 g) for stability observation.   
A slurry with 15vol% NiO should give a substantial amount of Ni dopant deposition after 
decomposition.  The volume percentage of Ni in NiO is approximately 59 vol%; thus, a 15 
vol%NiO slurry contains approximately 8.85 vol% of Ni.  By printing an 8.85 vol%-Ni slurry in 
an Fe-30wt%Ni powder bed with a packing fraction of 50%, the composition of the powder bed 
could be changed to 36.2wt% of Ni.  This composition change of the base powders should 
change the thermal expansion coefficient of Fe-Ni alloys considerably. 
Polyacrylic acid (PAA) was the first dispersant tested.  The suggested proportion was 1 
part of solids per 2 parts of PAA in water [16].  The slurry with 1 vol% NiO was milled with 
alumina milling media for 16 hours.  The slurry was stable for a day.  The settling flocculation 
could not be observed visibly in the first four days.  Yet, the measured packing fraction was only 
41%.  Next, a slurry with 15vol% NiO, was made and tested.  The slurry was very viscous due to 
a high solid content and PAA did not help reduce the viscosity as we would expect for an 
effective dispersant.  Moreover, the slurry was very foaming because of its high PAA content.  
As a result, PAA is not a good dispersant for NiO powders. 
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Next, dispersant products from Duramex, including Darvan C, Darvan 821A, and D3005, 
were tried.  The amount of each dispersant was chosen based on recommendation from Duramex 
product literature.  The mixtures and results of the slurries from Darvan C, Darvan821A and 
D3005 are shown in Table 2.1 below: 
Table 2.1: Experimental data of the dispersions with the dispersants from Duramax 
Dispersion Dispersant+suspension 
media 
NiO Vol% Dispersant 
amount 
Milling profile Packing 
fraction 
1A Darvan C+water 15% 1 wt%* Alumina ball for 
16 hrs 
32.9% 
1B Darvan821A + water 15% 1 wt% Same 33% 
1C D3005 + water 15% 0.335 wt% same 47% 
* wt% is the percentage ratio of dispersant’s weight to solid particles’ weight. 
 
From the results, D3005 was the best candidate as a dispersant for NiO slurry.  The 
packing fraction of the D3005 slurry was much higher than those of the other two slurries.  All 
three slurries had a similar settling behavior; the settling could be visibly observed after 3 hours.  
Consequently, D3005 slurries were made more with different D3005 proportions.  The D3005 
dispersion profile is shown in Table 2.2 below: 
Table 2.2: Experimental data of the D3005 dispersions 
Dispersion Dispersant+suspension 
media 
Dispersant 
Amount 
NiO volume 
percent 
Milling 
profile 
Packing 
fraction 
2A D3005+water 0.168 wt% 15% Alumina ball 
for 16 hrs 
Poor 
result 
2B Same 0.335 wt% Same Same 43.5% 
2C Same 0.503 wt% Same Same 47% 
2D Same 0.737 wt% same Same 42% 
 
 From the results in Table 2.2 above, the amount of D3005 affected the resulting packing 
fraction slightly.  Moreover, the settling behaviors were similar among all the D3005 dispersions 
except the dispersion 2A; they were stable without visible settling for longer than 2 hours.  The 
dispersion 2A, which had the lowest amount of D3005, started settling within 10 minutes.  Still, 
the packing fractions of all the D3005 dispersions were below 50%, but their stability was 
acceptable for printing. 
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Next, polyvinyl pyrorydone (PVP) was tried as a dispersant.  PVP cannot dissolve in 
water but it dissolves in IPA.  Therefore, an IPA-based slurry of NiO was made using PVP as a 
dispersant.  The slurries consisted of 0.5wt% of PVP, 15 vol% of NiO and IPA.  The measured 
packing fraction of the slurry was 41%.  The suspension was stable for days before settling could 
be visibly observed.  The slurry showed promising stability. 
Even though the measured packing fractions of both the PVP IPA-based slurry and the 
D3005 aqueous slurries were below 50%, their dispersing stability was promising.  Therefore, 
we decided to check the other qualities of these dispersions.  Subsequently, both types of the 
slurries were eye-dropped onto a boat filled with Fe-30Ni powders (-44 micron).  Both of the 
D3005 and the PVP slurries had difficulties going into the powders.  The NiO particles were 
filtered by the top layers of Fe-30Ni powders such that they blocked most of the absorbing paths.  
As a result, most of the fine particles were left on the surface of the powder bed.  This is a 
common problem for a slurry with such a high volume content of fine particles.  This would 
certainly cause problems when printing them with a 3DP machine.  A 50-micron nozzle would 
be clogged easily by clusters of fine particles.  From the past experiences and work of the slurry-
base printing, for slurries whose packing fractions were less than 0.5, the solid volume 
percentage of the slurries should be less than 5 vol% so that the slurries could be jetted 
successfully.  Therefore, we decided to work with 5 vol% NiO slurries instead of 15 vol% NiO 
slurries. 
As mentioned above, a 15 vol% NiO slurry provided a substantial amount of dopant into 
the base powders.  A 5 vol% NiO slurry would definitely deposit much less amount of dopant 
into the base powders.  Therefore, we would need to print a 5 vol% NiO slurry multiple times to 
achieve the same deposition amount as one-time printing of a 15 vol% NiO slurry. 
As a result, 5 vol% NiO slurries with D3005 and PVP as dispersants were made and 
tested.  Surprisingly, the packing fractions of these 5 vol% NiO slurries were much lower than 
those of the 15 vol% NiO slurries.  The results are shown in Table 2.3 below: 
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Table 2.3: Experimental data of the 5 vol% NiO dispersions 
Dispersion Dispersant+suspension 
media 
NiO 
vol% 
Dispersant 
amount 
Milling 
profile 
Packing 
fraction 
3A D3005+water 5% 0.28 wt% Alumina ball 
for 16 hrs 
22% 
3B D3005+water 5% 0.35 wt% Same 22% 
3C D3005+water 5% 0.83 wt% Same 25% 
3D D3005+water 5% 1.23 wt% Same 26% 
3E PVP+IPA 5% 0.25 wt% Same 28.8% 
3F PVP+IPA 5% 0.5 wt% Same 25.9% 
3G PVP+IPA 5% 1 wt% Same 29% 
 
The packing fractions of these dispersions were well below the results from the 
dispersion set 1 and 2, even though the processing methods and dispersants’ amounts were the 
same.  The only difference was the amount of NiO.  Another 15 vol% NiO slurries with D3005 
and PVP as dispersants were made again.  And, the measured packing fractions of these 15vol% 
slurries were in the range of 38-42%, which were approximately the same as the results obtained 
from the dispersion set 1 and 2.   
We suspected that there might be contamination in the 5 vol% slurries that deteriorated 
the quality of the slurries.  As a result, we measured the total amounts of solid particles in the 
slurries after milling; the solid particles included both NiO and contamination if any.  The 
procedure to measure the solid amount included: 
1. A few drops of a slurry were filled on an aluminum boat.   
2. The boat with the slurry was weighed, Wpre-heat.   
3. The aluminum boat was heated at 50 oC for 4 hours to evaporate liquid and leave only 
solid particles on the boat.   
4. The boats with only solid particles were weighed, Wpost-heat.   
5. With these measured data along with the known densities of both liquid carrier, ρliquid, 
and NiO powders, ρNiO, we could calculate the amount of volume percentage of solid 
particles, Vsolid, in the slurry to be: 
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From the calculation, the average value of solid particles volume fraction in the 5 vol% 
NiO slurries after milling was 6 vol%, while that of the 15 vol%NiO slurries was about 15.5%.  
A significant amount of additional unknown solid particles was present in the 5 vol% NiO 
slurries.  The unknown solid particles were suspected to be residue from degradation of the 
alumina milling balls.  During milling, the NiO powders were expected to surround the alumina 
milling balls. So, when the balls collide each other, NiO particles covering the surfaces of the 
ball would collide with each other instead and break apart.  For the 15 vol% NiO slurries, a 
plenty of NiO powders covered the alumina balls’ surfaces as the balls were colliding.  However, 
for the 5 vol% NiO slurries, the amount of NiO powders was not enough to cover all the 
surfaces.  As a result, some of the alumina ball surfaces hit each other and could possibly fall 
apart producing alumina residues.  As a result, the measured volume fraction of solid particles in 
the 5 vol% NiO slurries after milling was higher than the actual amount (5 vol%) of solid NiO 
initially added in the slurries before milled.   
Hence, short zirconia cylinders were used as milling media instead of alumina balls.  
Zirconia has higher wear resistance and is harder than alumina.  Thus, zirconia milling media 
should have superior performance. 
In addition, use of zirconia allows the milling time to be reduced.  The shorter milling 
time might reduce the chance of wear of milling balls.  This concept was then proved by making 
slurries milled with zirconia for different milling times.  Two NiO volume fractions were made 
including 5vol% NiO and 1 vol% NiO slurries.  The results are shown in Table 2.4 below: 
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Table 2.4: Experimental data of the D3005 dispersions milled by zirconia media for 
different times. 
Dispersion Dispersant+liquid 
suspension 
NiO 
vol% 
Measured 
solid vol% 
Dispersant 
amount 
Milling 
profile 
Packing 
fraction 
4A D3005+water 5% 4.95% 1.23 wt% Zirconia,18 hr 46% 
4B Same 1% 1.05% Same Zirconia,18 hr 50% 
4C Same 5% 5.05% Same Zirconia, 6 hr 48% 
4D Same 1% 0.98% Same Zirconia, 6 hr 52% 
4E Same 5% 5.01% Same Zirconia, 3 hr 47% 
4F Same 1% 1.02% Same Zirconia, 3 hr 52% 
  
From these results above, the dispersions were milled effectively even when they were 
milled for a short time.  The contamination levels of both 5 vol% and 1 vol% slurries were small.  
Therefore, using zirconia as a milling media allowed us to work with dispersions containing as 
low as 1 vol% NiO without contamination from milling.  The results of the D3005 NiO 
dispersions were satisfactory; hence, they were suitable to be tested for jetting performance. 
  
Preliminary jetting test 
 
The D3005 and PVP dispersions of 5 vol% NiO were made for a jetting test.  The 
dispersions were filtered through 5 micron nylon mesh to ensure that the diameters of all the 
particles in the dispersions were less than 5 micron. As a result, the diameters of the NiO 
particles in the dispersions were in the range of 1-5 microns.  The small particles would not stay 
dispersed indefinitely.  They would finally settle at the bottom of the slurries if the slurries sat 
without any agitation for a long time.  As described by Stokes’ law, the terminal velocity of the 
spherical particles falling through fluid media is: 
( )
η
ρρ ls
t
grV −=
2
9
2      Equation 2.2, 
where Vt is the terminal velocity of the particle, g = 9.8 m/s2, r is the radius of the particle, η is 
the viscosity of the liquid, ρs is the density of the solid, and ρl is the density of the liquid. 
As a result, larger particles would start to fall quickly and settle out of the slurries on the 
bottom of the container forming large aggregations.  The calculated settling times of NiO 
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particles with different diameters in water, with a settling distance of 5 cm and under 1*g, are 
given in Table 2.5 below: 
Table 2.5: Terminal velocity and settling time for different particle sizes. 
Diameter (microns) Terminal velocity (cm/s) Settling time 
5 7.66e-3 11 min 
3 2.76e-3 30 min 
1 3.07e-4 4.5 hours 
0.5 7.66e-5 18 hours 
 
Therefore, for the NiO dispersion, the 5-micron diameter particles could take only as 
short as 11 minutes to settle.  This was undesirable for printing since the dispersion must contain 
NiO particles homogeneously throughout a container the whole time during printing.  Moreover, 
the settled flocculation was large and could impede penetration of the slurry into the powder bed. 
Therefore, a recirculation system was introduced to prevent particles from settling.  The setup of 
the recirculation system is shown in Figure 2.7 below.  
From Figure 2.7, a peristaltic pump was used to cycle the material faster than it could 
settle [9].  A dispersion was contained in a centrifuge tube.  The peristaltic pump suctioned the 
dispersion from the bottom of the tube.  An inline filter of 10-micron nylon mesh was placed on 
the suction side of the pump to catch any large agglomerates or contamination.  The pump 
returned the dispersion back to the top of the tube after filtering.  The nozzle line and applied 
pressure line were connected at the top of the tube.  Therefore, with applied pressure on, the 
dispersion flowed out of the high-pressure tube to the low-pressure nozzle.  Finally, the jetted 
dispersion was replenished back to the tube at the T junction between the pump and the filter.  
Another filter of 10-micron nylon mesh was placed between the tube and the nozzle in order to 
ensure that the dispersion going through the nozzle was clean.  With this recirculation setup, the 
settling of particles could be avoided. 
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Figure 2.7 Illustration of the setup of the recirculation system. 
 
Next, the slurries were jetted through a 50 micron nozzle to check their printing stability.  
For an IPA-based slurry, it was almost impossible to jet the slurry.  With pressure on, high-
viscosity IPA flowed very fast leaving most NiO particles in the 10-micron filters.  A substantial 
amount of NiO accumulated in the 10-micron filters.  In addition, the slurry clogged the nozzle 
after less than 5 minutes of jetting.  As a result, based on the poor jetting performance of the 
IPA-base slurry, testing on the IPA-base slurry was discontinued.  
For an aqueous-base dispersion, the dispersion could be jetted through the nozzle stably 
for as long as 30 minutes before it started to clog the nozzle.  Both of the 10-micron filters had 
no accumulation of NiO powders; the dispersion could flow through the filters smoothly.  
Jet line
Pressurize 
gas 
50-mic nozzle 
10-mic filter 
Peristaltic pump 
T junction 
Replenishing line 
10-mic filter 
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Therefore, the problem experienced was the clogging.  The large particles might have gradually 
formed aggregates in the nozzle.  And, as the aggregates became large enough, they could clog 
the nozzle.  This clogging problem could be expected since the quality of the dispersion was not 
perfectly stable and the average particle size was larger than one micron. 
As a result, we developed a new technique to make a dispersion with sub-micron NiO 
particles.  The technique exploited Stokes’ Law, Equation 2.2.  We used Stokes’ Law to 
calculate the terminal velocity of NiO particles falling through aqueous media under normal 
gravity (9.8 m/s2).  Different particle sizes take different times for settling.  The larger particles 
settle and fall through faster.  So, in this case, we wanted to have only particles smaller than 1 
micron in a slurry.  We had a tube filled with the slurry that the length from the bottom of the 
tube to the filled line was 10 cm.  The slurry contained 1 vol% of NiO.  The NiO amount was 
sparing so that each powder particle could fall freely with few interactions with the other 
particles.  Then, the time that a 1-micron particle would take to fall down 5 cm under normal 
gravity was calculated; this time was noted as the settling time.  So, the tube filled with the slurry 
was agitated and then kept still for the settling time at 1 g.  Then, the top 5-cm portion of the 
liquid in the tube was suctioned off.  As a result, the suctioned-off liquid would contain only 
particles smaller than 1 micron in diameter.  All other larger particles were left in the tube.  
Finally, we measured how much the NiO particles remained in this sub-micron slurry, which 
should be less than 1 vol%. 
Subsequently, we could increase the volume percent of NiO in the sub-micron slurry by 
centrifuging the slurry at high gravity so that all particles settled out.  Then, we could suction off 
and discard the top portion, which were only water and dispersants, from the tube.  As a result, 
with less amount of water but the same amount of NiO, the slurry was concentrated to 5 vol% 
NiO.   
As a result, several slurries of 1 vol% NiO were made and settled for 4.5 hours in the 10 
cm tall tube.  Then, the top 5cm portions of the slurries were suctioned off.  The measured solid 
contents of these suctioned-off slurries were in the range of 0.65-0.68 vol%, which showed that 
this technique was reproducible.  Next, the sub-micron slurries were concentrated to 5 vol%.  
First, they were stored in centrifuge tubes and centrifuged at 800 g for 8 hours.  Consequently, all 
solid particles settled at the bottom of the tube; only almost pure water remained in the top 
portion of the tube.  Then, some of the water was removed from the tube so that the slurries 
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remaining in the tube contained 5 vol% NiO.  Next, these slurries were milled for 1.5 hours to 
ensure their homogeneity and that all large aggregates or particulates were crushed into small 
sub-micron pieces.  Then, the milled slurries were filtered through 5 micron nylon mesh to 
remove any contamination. 
A preliminary jetting test was then tried with the sub-micron slurries, with promising 
results.  They could be jetted stably and steadily for longer than one hour without any clogging.  
As a result, these sub-micron NiO dispersions were suitable for the actual printing with a 3DP 
machine. 
 
Preliminary Strength test 
 
The preliminary strength test was done for the sub-micron NiO slurries.  When fired to 
600 oC for 1 hour, the unprinted regions of the powder boat started sintering and became hard to 
remove.  Therefore, the eye-dropped sample could not be retrieved from the excess powders.  A 
similar result was obtained by firing a powder boat to 500 oC for 1 hour.  Even though the eye-
dropped region seemed to be stronger than the other regions, it was still impossible to retrieve 
the eye-dropped region without any damage. 
An acceptable result was obtained by firing a powder boat sample at 400 oC for 1 hour.  
The eye-dropped sample could be removed from the excess powder bed by softly brushing.  The 
eye-dropped part had some strength (much more strength than loose powders) but was still weak 
and fragile.   Finally, the eye-dropped sample fired at 350 C for 1 hour was too weak and fragile 
to handle. 
As a result, heating a sample at 400 oC for 1 hour was the optimal heat treatment to 
provide sufficient differential strength.  At a lower temperature, the part possessed such small 
strength that it could easily fall apart with normal handling.   
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2.5.3 Iron Oxide dispersion 
 
Our next task was to make a suspension of iron oxide.  There are sixteen iron oxides, 
which are either oxides, hydroxides, or oxide hydroxides.[13]  In this project, we considered only 
three of them: 1. Haematite, alpha-Fe2O3; 2. Magnetite, Fe3O4; and 3. Maghemite, gamma-
Fe2O3.   
Magnetite, Fe3O4, was the first type of iron oxide we worked with because there were 
already suspensions of nanometer-sized particles of Fe3O4 available commercially.  These 
suspensions are known as ferrofluids.  Ferrofluids are magnetic fluids containing nanometer-
sized magnetic iron oxide particles in aqueous or organic media.  These fluids are very stable as 
colloids of iron oxides.  We ordered a sample of ferrofluids from FerroTec, NH.  For the 
ferrofluids provided by FerroTec, the maximum iron oxide content in aqueous media is 3.6 vol% 
and the maximum one for organic media is as high as 16 vol%.   
The ferrofluids were very stable.  Settling could not be visibly observed even if the fluids 
sat still for longer than a week.  Then, we did preliminary printing and strength tests with these 
fluids.   
The oil-based fluids were absorbed into a powder bed within a short time.  They provided 
high strength for the eye-dropped parts even firing at a low temperature (as low as 300 oC).  This 
was because of high contents, 16 vol%, of Fe3O4 powders in the fluids.  Moreover, the particles 
were nanometer scale, so the sintering rates of these oxide particles were much higher than the 
sub-micron particles.  However, we could still observe oxidation and contamination around the 
eye-dropped areas.  Presumably, the oil-based fluids contained some organic compounds that 
might not be able to be decomposed at low temperature.  And, these might significantly 
contaminate the printed samples, e.g. resulting in an observable purple area of oxidation. 
Moreover, the fluids were so thick and viscous that they could not be jetted successfully even at 
high applied pressure.  As a result, the oil-based ferrofluids were unsuitable for our application. 
For the aqueous fluids, the first problem encountered was that the fluids could not be 
absorbed into the powder bed.  Eye-dropped onto a boat of Fe-30Ni powders, the fluids formed a 
hemispherical shaped droplet lying on the bed.  After 10 minutes, we could observe that the 
hemispherical shape was still evident on the powder bed but the binder droplet lost some 
moisture and became dry aggregates of iron oxide particles.  The dry-hemispherical aggregates 
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could be removed from the bed easily by a spoon.  Presumably, the solid particles in the 
ferrofluids could not penetrate the powder bed while the aqueous media of the ferrofluids could.  
This poor performance of the aqueous ferrofluid came as surprise since the fluids were very 
stable and the particle sizes were as small as nanometer scale.  So, they were expected to be 
adsorbed into the porous channels of the powder bed easily along with the fluid without any 
filtering problems.  The poor performance might have arisen from the surface tension of the 
fluids, which might be so high that they did not wet the Fe-30Ni powders.  The high surface 
tension might come from the high surface area per volume of the nanometer-size iron oxides in 
the fluids.  Nanometer-size powders have much more surface area per volume than sub-micron 
particles and, hence, a higher degree of surface energy.  Consequently, the higher surface area 
caused more chances of frictional interactions between particle surfaces and contributed to a high 
degree of surface energy of the fluids.  For the jetting test, these fluids were stable and could be 
jetted perfectly without any clogging.  However, since they could not be readily absorbed into 
the powder beds, they were not qualified as dopant slurries. 
Next, we worked with Maghemite, gamma-Fe2O3.  Maghemite is a red-brown, 
ferromagnetic material that is an important magnetic pigment.[13]  Nanometer-size powders of 
gamma-Fe2O3 are available commercially.  Gamma-Fe2O3 powders were ordered from Alfa 
Aesar, MA.  The average particle size was in the range of 20-30 nm.  The dispersions of gamma-
Fe2O3 were made with different dispersants including D3005, D3021, D821A, and 600MW PEI.  
The results are shown in Table 2.6 below: 
Table 2.6: Experimental data of the gamma-Fe2O3 dispersions 
Dispersion Dispersant Dispersant 
amount 
Fe2O3 
amount 
Milling 
profile 
Packing 
fraction 
5A None 0 wt% 1vol% Zirconia, 3hr 25% 
5B D3005 1wt% same Same 19% 
5C D3005 5wt% Same Same 25.45% 
5D D3005 10wt% Same Same 27.78% 
5E D3021 5wt% Same Same 25% 
5F D821A 5wt% Same Same 25% 
5G 600MW PEI 5wt% Same Same 14% 
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From the observation of the stability of the dispersion set 5, the dispersions of gamma-
Fe2O3 were poor both with and without dispersants.  Although the particle sizes were in the 
nanometer range and should take a long time to fall through the liquid media, the dispersions 
settled out quickly.  The powders in the dispersions might be unstable such that they tended to 
form larger aggregates to reduce surface energy.  The packing fractions were also low, much 
lower than 50%.   
The dispersions of gamma-Fe2O3 were tried with the preliminary strength test.  The 
adsorbing behavior of the gamma-Fe2O3 dispersions was similar to that of the aqueous 
ferrofluids; they could not go into an Fe-30Ni powder bed.  Only liquid media adsorbed into the 
bed leaving the particles on the surface.  The nanometer-size particles might form large 
aggregates quickly before they could go into the bed.  As a result, the aggregates were too large 
to flow into the pore channels of the powder bed.  Hence, a gamma-Fe2O3 slurry did not meet the 
requirements to be used as a binder/dopant slurry. 
Finally, haematite, alpha-Fe2O3, was used to make a dispersion.  Alpha-Fe2O3 powders 
were also ordered from Alfa Aesar.  The average particle size was in the range of 1-3 micron.  
Three dispersants were considered including D3005, D821A, and Darvan C.  The results are 
shown in Table 2.7 below: 
Table 2.7: Experimental Data of the alpha-Fe2O3 dispersions 
Dispersion Dispersant Dispersant 
amount 
Fe2O3 
amount 
Milling profile Packing 
fraction 
6A D3005 0.615wt% 1 vol% Zirconia, 3hr 40% 
6B D3005 1.23wt% Same Same 40% 
6C D3005 2.46wt% Same Same 40% 
6D D821A 1.23wt% Same Same 34.8% 
6E Darvan C 1.23wt% Same Same 41% 
 
From the results, the quality of the alpha-Fe2O3 dispersions was not very sensitive to the 
dispersant types or amounts.  All the dispersants result in similar packing fractions, 
approximately 40%.  However, all the dispersions were fairly stable, similar to the NiO 
dispersions.  They could last at least 2-3 hours before any settling could be observed.  The 
dispersions’ packing fractions were not affected by the variation of the amount of D3005. 
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Even though the alpha-Fe2O3 dispersions’ packing fractions were not as high as 50%, the 
stability of the dispersions was similar to the NiO dispersions.  Therefore, the prospect of similar 
printing results to the NiO dispersions was promising.  As a result, we made a dispersion of 
alpha-Fe2O3 with 0.5wt% D3005 for a jetting test.  The settling method to make a sub-micron 
dispersion, discussed in Section 2.5.2, was also applied with the Fe2O3 dispersions.  Then, the 
sub-micron dispersion of 5 vol% Fe2O3 was jetted through a 50-micron diameter nozzle.  We 
also used the recirculation system, shown in Figure 2.7, to prevent the Fe2O3 dispersion from 
settling.  The dispersion was stably jetted for longer than an hour without any clogging.  The 
jetting test of the dispersion was satisfactory and the dispersion was considered to be suitable for 
actual printing. 
For the preliminary strength test, the dispersion also provided sufficient strength for the 
printed regions and very small strength for the excess powders when the powder boat was fired 
at a temperature around 400 oC for 1 hour.  Therefore, samples printed by Fe2O3 or NiO 
dispersions should have sufficient differential strength for a retrieval process after firing at 400 C 
for 1 hour. 
 
2.6 Summary 
 
Dispersions of NiO/Fe2O3 powders were selected over metal salt solutions.  The oxide 
powder dispersions could provide higher amounts of Fe or Ni after decomposition than the salt 
solutions could.  The salt solutions also barely wetted the Fe-30Ni base powders because of the 
high interfacial energy between the solutions and the powders.   
The reduction of NiO and Fe2O3 could be achieved by heating them under forming gas at 
a temperature above 350 oC for at least half an hour.  The results from TGA analysis showed that 
the NiO and Fe2O3 samples lost their weight to 78% and 70% respectively.  The theoretical 
weight fractions of Ni in NiO and Fe in Fe2O3 were approximately 78% and 70% respectively; 
the weight loss measurement from TGA analysis yielded results consistent with the complete 
reduction of the oxides. 
For the production of the dispersions, zirconia milling cylinders yielded better milling 
results than alumina milling balls.  Alumina milling balls became worn when used with slurries 
with low solid volume fractions; the residues from the alumina balls contaminated the quality of 
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the slurries.  The zirconia media has higher strength and wear resistance than the alumina balls.  
No contamination was detected after zirconia media was used instead of the alumina balls.   
The dispersions of NiO and Fe2O3 with D3005 dispersants yielded the most satisfactory 
results.  They yielded comparatively high packing fractions and high dispersing stability.   
However, to obtain a good jetting performance, the particles in the slurries must be one 
micron or less in size.  As a result, a reproducible technique to make a sub-micron dispersion out 
of a dispersion containing micron-size particles was successfully developed.  This technique 
exploits Stoke’s Law and the settling behavior of solid particles in the slurries.  
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CHAPTER 3: PRINTED BIMETALLIC BAR 
 
3.1 Introduction 
  
In this chapter, the experimental results of three dimensional printing of bimetallic bars 
with LCC are shown and discussed.  As shown in Chapter 2, the dopant slurries used as binders 
for 3DP bimetallic bars were made and jetted successfully.  The next step was to print these 
slurries onto Fe-30wt%Ni base powders to make a bimetallic bar.   
To demonstrate LCC in a metal part, our first goal was to print a simple bimetallic bar 
consisting of two sheets with different composition and, hence, different values of CTE. As 
aforementioned, the idea was to print a bimetallic bar from an Fe-Ni material system.  The base 
powders were Fe-30wt%Ni.  NiO and Fe2O3 slurries were printed onto the base powders to 
increase their Ni and Fe contents correspondingly.  The alloy composition in each sheet would 
locally homogenize.  Moreover, the amount of remaining Fe and Ni after oxide decomposition 
must fill in the same volume of the pore space in the base powders; hence, the volume changes 
caused by addition of Fe and Ni would be the same for both sheets.  Finally, to succeed making 
the bar by 3DP, the printed bar must be successfully retrieved from the excess powders without 
any damage.  The edge definition of the retrieved part was also evaluated. 
The next goal was that the bimetallic bars were also desired to reach more than 90% 
densification.  To be specific, these bars were sintered from the Fe-Ni powders and therefore 
some porosity inside the bars might be expected.  However, to be competitive for functionality or 
commercial applications, the densities of the sintered bars were expected to be as high as the 
theoretical density of the corresponding bulk material.  Therefore, the densification results would 
also be assessed. 
Finally, the most important property of bimetallic bars is that they bend as exposed to an 
elevated temperature.  The thermal deflection of bimetallic bars is useful in many applications, 
e.g. bimetallic thermostats, clock devices, electrical appliances, etc.  Therefore, it is desired that 
the LCC bimetallic bars also show such a property.  As a result, the thermal bending of the bars 
was also measured and evaluated. 
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3.2 Experimental procedure 
  
The LCC bimetallic bars were evaluated in three major areas including 
1. High difference in CTE and the alloy composition, 
2. Density of at least 90% of the theoretical density, and 
3. Parts’ qualities, e.g. retrieval and edge definition. 
These areas required the following experiments to obtain useful results for analysis.  The 
procedures of these experiments are described in the following. 
 
3.2.1 Density measurement [17] 
 
The densities of the samples were measured by a fluid displacement method based on the 
Archimedean principle.  Water was used as liquid in this experiment.  Figure 3.1 is a schematic 
illustration for the Archimedes density-measurement method.  As illustrated in Figure 3.1, the 
procedure includes the following steps: 
1. Measure the weight of a dry sample, W1, as shown in Figure 3.1a. 
2. Measure the weight of the sample put in a beaker filled with water, W2, as shown in 
Figure 3.1b. 
3. Put the sample into boiled water for about an hour to eliminate dissolved gases in the 
water and to infiltrate water into the sample completely.  The surface tension of water 
decreases significantly with temperature; as a result, hot water is a better wetting 
agent to get into pores or fissures rather than bridging them with surface tension than 
water at room temperature. 
4. Measure the weight of the infiltrated/wet sample, W3.  Make sure that the excess 
water on the surfaces of the sample is already wiped off. 
5. The density of the sample is then equal to: 
23
1
WW
W
ls −= ρρ      Equation 3.1, 
where ρs is the calculated density of the sample, ρl the density of the liquid (water in this case).  
Then, densification is equal to the ratio of the measured density to the theoretical density. 
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Figure 3.1 Schematic illustration for density measurement. 
 
3.2.2 Alloy-composition measurement: Electron Microprobe [18] 
  
The composition of the printed bars was measured using the Electron Microprobe facility 
at the Center for Geochemical Analysis in the Department of Earth, Atmospheric and Planetary 
Science (EAPS) at MIT.  The Electron Microprobe (EMP) is a nondestructive analysis method 
that can provide: (1) a complete quantitative analysis of microscopic volumes of solid materials 
through emission spectrometry and (2) high-resolution scanning electron and elemental x-ray 
images.  The approximate spatial resolution in EMP is 1-2 micron. 
In this project, EMP was applied to obtain a quantitative analysis of Fe, Ni, and O in the 
samples.  Samples mounted in epoxies were polished with silicon carbide polishing papers and 
alpha alumina as fine as 0.03 micron.  The composition of the samples were then measured and 
analyzed by the EMP method. 
The EMP analysis includes a parameter called MDL, which stands for ''minimum 
detection limit" for each element.  The MDL depends on the conditions used for analysis. It can 
be improved by increasing the beam current and/or the counting time.  In our analysis, the MDL 
for a quantitative analysis of Fe, Ni, and O is approximately 0.01 wt%.  For example, if a content 
of oxygen in a sample is less than 0.01 wt%, the oxygen content measured by EMP is zero. 
 
 
BALANCE BALANCE BALANCE 
(a) (b) (c) 
Wet sample Dry sample 
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3.2.3 Printing and retrieval procedures 
 
The general printing procedure of 3DP was already described in Chapter 1.  In this 
section, the printing and removal procedures specifically for the bimetallic bars will be 
described.  The dimension of the printed bimetallic bars was 7 cm in length, 5 mm in width, and 
0.08 cm in thickness.  Three identical bars were printed sequentially in a single powder bed.  The 
printed bar’s printing geometries are shown in Figure 3.2 below. 
 
 
 
Figure 3.2 The geometries of printed bimetallic bars.  (Three identical bars were printed 
sequentially in a single powder bed.) 
In this work, there were two different printing profiles including (1) printing twice on 
every 100-micron layer and (2) printing once on every 50-micron layer.  The reasons for the 
variation of printing profiles will be explained in Section 3.5.  This section will limit the focus to 
the procedure of each printing profile. 
The differences between the two profiles are: (1) the thickness of printed layers, (2) a 
total number of printed layers and (3) a number of binding applications (with intermediate 
drying) on each printed layer.  The thicknesses of printed layers are 100 micron and 50 micron.  
The total number of printed layers depended on their thickness.  Since the bars’ thickness is 800 
micron; the total numbers of 100-micron and 50-micron printed layers are 8 and 16 respectively.  
Finally, each of 100-micron printed layers was printed twice, while that of 50-micron printed 
layers was printed only once.  For each of the 100-micron printed layers, after the first printing, 
the printed layer was fired to ~ 200 oC by a halogen lamp connected to the 3DP machine.  The 
Fast axis 
5 mm 
2.5 mm 
0.8 mm 
7 cm 
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firing treatment was used to evaporate unwanted liquid out of the substrate.  This would create 
the pore space inside the printed layer for the second printing.   
The printing procedure included the following steps: 
1. A 2-mm thick foundation layer of -44 micron Fe-30Ni powders was spread on to a 
powder bed. 
2. A slurry of NiO or Fe2O3 was printed onto the foundation layer; hence, the first 
printed layer was in the foundation layer. 
3. For 100-micron printed layers, the printed layer was fired; then, the second printing 
was performed on the same layer after firing.  This step was skipped for 50-micron 
printed layers. 
4. A 100-micron/50-micron layer was spread on the previously-printed layer. 
5. Step 2, 3 and 4 were repeated for each layer. 
6. After printing the 4th printed layer (for 100-micron printed layers) or the 8th printed 
layer (for 50-micron printed layers), the type of the slurries was switched (from Fe2O3 
to NiO or vice versa). 
7. Step 2, 3, and 4 were then repeated with the switched slurry for the rest of the layers 
until the last layer (8th and 16th for 100-micron and 50-micron printed layers 
respectively) was completed. 
After completion of the printing process, the bed of the printed powders was heated to 
400 oC for 1 hour in a tube furnace with hydrogen gas to strengthen the printed regions.  Then, 
the printed bars were retrieved from the excess powders by using air flows.  The air flew out of a 
nozzle connected to a cylinder of pressurized air.  Therefore, the rate of the air flow could be 
adjusted by varying either the size of the nozzle or the air pressure.  The rate of the flow was 
carefully adjusted so that it was strong enough to remove loose and excess powders from the 
printed bars, but not too strong to damage or break the bars apart.  
 
3.2.4 Bending measurement 
 
The important property of bimetallic bars is that they bend at elevated temperature.  The 
LCC bimetallic bars were tested by measuring the extent of bending vs. temperature.  The 
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measurement of the extent of bending of a bimetallic bar was performed following the methods 
described below, schematically shown in Figure 3.3: 
1. A bar was held at one end in cantilever fashion and free at the other end in the furnace 
as shown in Figure 3.3. 
2. The strip was heated at 100, 200, 300 and 400 oC for 5 minutes each. 
3. The photo was taken of the strip at each temperature. 
4. The deflection, a, was measured for each temperature. 
5. Simple geometrical considerations, illustrated in Figure 3.3, enable the relationship 
between the deflection and the bending curvature, κ.  The relationship is derived as 
following [6]: 
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Figure 3.3 Schematic illustration of the setup for the bending measurement. 
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3.3 Particle size distribution and sintering profiles of the –44 micron Fe-30Ni 
powders 
 
The -44 micron Fe-30Ni powders were ordered from UltraFine Powder Technology Inc., 
RI.  The particle size distribution of the powders, provided by the company, is shown in Figure 
3.4 below.  The average particle size is approximately 22 micron in diameter.  10 volume % of 
the powders were smaller than 5.87 micron in diameter.  All of them were larger than 2.8 micron 
in diameter. 
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Figure 3.4 Particles size distribution of the -44 micron Fe-30wt%Ni powders. 
 
Next, the sintering behavior of the –44micron Fe-30Ni powders was investigated to 
determine a sintering treatment that would provide the maximum densification of sintered Fe-
30Ni samples.  The most effective sintering treatment would be used to sinter printed bimetallic 
bars. 
The theoretical density of an Fe-30Ni alloy was important for a densification calculation; 
densification is equal to the ratio of the measured density to the theoretical density.  The density 
of iron is 7.87 g/cc and the density of nickel is 8.88 g/cc.  The density of an Fe-30Ni alloy should 
lie between 7.87 and 8.88 g/cc.  Figure 3.5 shows the variation of the density of Fe-Ni alloys 
with the composition and temperature [19].  From the plot, the density of an Fe-30Ni alloy is still 
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uncertain; there is an anomalous change of the density in the composition range between 25-35 
Ni wt%. 
 
 
Figure 3.5 Variation of the density of Fe-Ni alloys with the composition and temperature.  [19] 
 
As a result, some of the Fe-30Ni powders were sent to Bodycote IMT, MA for hot 
isostatic pressing (HIP).  A HIP process combines high temperature and high-pressure gas to 
densify a material into a fully dense component using a pressure-tight outer capsule [11]. HIP is 
used to eliminate porosity in castings or sintered components, and to consolidate encapsulated 
powders to give fully dense materials.  Therefore, the measured density of the HIP sample, 8.16 
g/cc, was used as a theoretical density of an Fe-30Ni alloy. 
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Figure 3.6 Phase diagram of Fe-Ni alloys ([8]) 
 
As shown in the phase diagram of Fe-Ni alloys, Figure 3.6, the solidus temperature of Fe-
30wt%Ni is approximately 1450 oC and the liquidus temperature is 1470 oC.  Therefore, the 
sintering temperature should be below 1450 oC to avoid liquid phase formation.  Sintering 
temperatures ranging from 1200 to 1400 oC were used with the Fe-30Ni powder samples.  The 
summary of the resulting density and densification of the samples with different heat treatments 
is shown in Table 3.1 below: 
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Table 3.1: Density and densification data of the Fe-30Ni samples with different sintering 
temperature and time. 
Sintering Temp (C) Sintering time (hour) Density (g/cc) Densification (%) 
1200 2 6.67 81.74 
1300 2 7.35 90.07 
1350 2 7.53 92.28 
1350 4 7.64 93.63 
1400 2 7.65 93.75 
1400 6 7.62 93.38 
1000 + 1400 5(1000C)+6(1400C) 7.65 93.75 
400+800+1400 1(400C)+1(800C)+2(1400C) 7.62 93.38 
 
From the results above, even though the powders were heated to a high temperature 
(1400 oC) for 6 hours, they could only be densified to 93.38%.  Even though the sintering 
treatments were varied, the resulting densifications remained in the range of 93.3-93.6%.  
Normally, pores inside a porous, sintered part start to close at about 15% porosity and are all 
closed at 5% porosity [12].  Without applied isostatic pressure, e.g. HIP, it is possible for 
sintering of metal or ceramic materials that the closed pores will not shrink by only diffusional 
sintering and, as a result, 100% densification cannot be achieved.  This might explain why the –
44 micron Fe-30Ni powders could only achieve 93.6% of densification; presumably 6.4% of the 
sample volume consisted of closed internal pores. 
 
3.4 Preliminary printing preparation and tests 
 
A 50-micron nozzle was used to jet the slurries.  As mentioned in Chapter 2, the 
recirculation system was used in the printing to keep the oxide particles stably dispersed in the 
slurries.  The setup was similar to the one shown in Figure 2.7. 
Then, we tried to print the slurries into the Fe-30Ni powders.  We encountered another 
problem that the slurries needed to take about 3-4 seconds before they would penetrate the 
powder bed.  This was not a problem when we just eye-dropped one or two drops of the slurries 
into the powder bed because they could be slowly adsorbed into the bed.  However, during 
printing, there was one drop after another within a very short time interval.  Therefore, if slurries 
did not penetrate rapidly enough, they would form balls of powder aggregates across a printing 
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line.  This is known as the “balling effect” as shown in Figure 3.7.  In Figure 3.7, the ideal 
printing lines were compared with the printing lines having the balling effect.  The powder-
agglomerating balls would hinder the printing process. 
 
      
 
Figure 3.7 Pictures of printing lines comparing between perfect printing lines (A) and “Balling 
effect” printing lines (B). 
 
This behavior can be understood in terms of the slurry/powder surface tension.  If the 
surface tension of a slurry and a powder is low enough, the slurry can wet the powder and 
therefore can penetrate the powder bed rapidly.  Conversely, the high surface tension between a 
slurry and a powder causes the slurry to form balls on the powder bed, and the slurry takes a very 
long time to be adsorbed into the powder bed.   
Therefore, we solved the balling effect problem by oxidizing the Fe-30Ni powders at 400 
oC for 5 minutes under normal air atmosphere.  The oxidation process resulted in a thin film of a 
metal oxide formed around the powders’ surfaces.  Presumably, the surface tension between the 
metal oxide and the slurry was lower than that of the metal and the slurry; hence, the slurry could 
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wet the metal oxide surface better.  As a result, the slurry could be printed into the oxidized 
powder bed successfully.   
 
3.5 Printing results and discussion 
 
The oxide volume percent in the slurries was about 5%.  As discussed in Chapter 2, this 
was the maximum volume percent that we could jet the slurries; a higher volume fraction would 
result in rapid clogging of the 50-micron nozzle.  Moreover, the dispersion would become more 
viscous with a higher fraction of particles and, hence, harder to jet.   
One criterion for an LCC bimetallic bar is that the remaining Fe and Ni elements after 
oxide decomposition must fill in the same quantity of the pore space in the base powders.  The 
volume fraction of Ni in NiO is higher than the volume fraction of Fe in Fe2O3.  Therefore, the 
volume percent of the NiO slurry used in printing should be less than that of the Fe2O3 slurry, so 
that the total volume change in both sides of the bar would be the same after the metal oxides 
decomposition.  From a calculation in Appendix, a volume of Fe in a 5 vol% Fe2O3 slurry is 
equal to a volume of Ni in a 4.47 vol% NiO slurry: both slurries contain 2.64 vol% of Ni and Fe 
correspondingly.  As a result, in all printing, 5 vol% Fe2O3 and 4.47 vol% NiO slurries were 
used. 
If a 5 vol% Fe2O3 slurry was printed into Fe-30Ni base powders once, the addition of Fe 
decreased Ni composition of the base material to 29.3 wt%.  This calculation assumed that the 
porosity of the powder bed was 50% and the slurry filled up all pore space.  With similar 
assumptions, a 4.47 vol% NiO slurry would increase Ni composition of the base material to 32 
Ni wt%.  For Fe-Ni alloys, the CTE values at room temperature are 12.87*10-6 and 4.85*10-6 /oC 
for 29.3 Ni wt% and 32 Ni wt% respectively.  Therefore, with printing of 5 vol% Fe2O3 and 4.47 
vol% NiO slurries into the Fe-30Ni base powders, the resulting difference in CTE would 8*10-6 
/oC.  Typical bimetallic strips produced by other traditional methods, e.g. welding, cladding, 
have the CTE difference of 15*10-6 /oC.  So, we would expect lower CTE differences from the 
LCC bimetallic bars. 
A higher CTE difference might possibly be achieved by printing the slurries into the Fe-
30Ni base material multiple times.  With multiple printing on each printing layer, after the first 
printing, the printed layer would be heated to a moderate temperature (~200 oC) to evaporate all 
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the water from that layer.  After the layer was dry, it would be printed one more time to deposit 
more Fe2O3 or NiO.  The double printing would finally deposit Fe and Ni elements into 5.27 
vol% of the pore space inside the powder bed, assuming that the amount of pore space was 
approximately the same for both depositions and both deposits filled all the available pore space.  
This would finally increase the Ni content of one sheet of the bar to 33.9wt% and decrease the Ni 
content of the other sheet to 28.7 wt%.  The resulting values of CTE at room temperature were 
1*10-6 and 14.21*10-6 respectively.  As a result, the CTE difference could be increased to 
13.21*10-6.  However, we should keep in mind that all of these CTE difference values were 
calculated assuming that each side of the bar had homogeneous composition and there was a 
sharp compositional gradient interface between the two sheets.  In a real situation, we would 
expect that the composition between the two sheets would vary more gradually from one side to 
the other side.  This compositionally graded interface, CGI, is known to minimize or eliminate 
interface mismatch between different materials. [20]  Hence, this CGI could reduce the degree of 
a bimetallic effect of LCC bimetallic bars compared to bimetallic bars with a sharp interface. 
Next, six bimetallic bars, noted as B1 to B6, were printed and evaluated.  These bars had 
their own combinations of a printing profile and a reduction treatment.  There were two different 
printing profiles:  
1. Print twice on every 100 micron layer, and  
2. Print once on every 50 micron layer.   
As mentioned above, double printing was assigned for depositing a substantial quantity 
of the Fe/Ni dopants into the base powders.  The jetting flow rate was 1 cc/minute for both Fe2O3 
and NiO slurries.  With 1 cc/minute jetting rate, 1.5 m/sec fast-axis speed, 170 micron row 
spacing, and approximately 60% packing of spreading powders, the saturation values, estimated 
by the 3DP saturation calculator, for printing into 100-micron and 50-micron layers were 
approximately 150% and 300% respectively.  The printed layer thickness could have been 
increased in order to have 100% saturation.  But, with a thicker layer, e.g. 200 micron, the jetted 
slurries could be filtered and, hence, few dopants could be transported to the region of the 
powder layer away from the powder bed surfaces.   
At first, we chose to work with the printed layer thickness of 100 micron, because with 
this small amount of thickness, we could lessen the filtering effect problem since the slurries did 
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not have to penetrate too deeply.  Moreover, a 100-micron layer should allow us to spread the –
44 micron powders easily. 
Nevertheless, after gaining experience, we found out that we could spread and print into a 
50-micron layer without any difficulties from either spreading or over saturation.  Therefore, we 
also produced samples with a 50-micron powder layers.  For an extreme filtering case, most of 
the oxide dopants would be deposited at the top of each layer; hence, the diffusional distance 
would increase with the thickness of a printed layer.  Presumably, a 50-micron layer would allow 
better local homogenization than a 100-micron layer would.  For a 50-micron layer, since the 
saturation is twice as much as that of a 100 micron layer, only one printing path on a 50 micron 
layer should result in the same amount of deposition as double printing paths on a 100 micron 
layer.  As a result, the printings onto both a 50-micron layer and a 100-micron layer were 
conducted and studied. 
The printing order of the oxide slurries was also varied.  For LCC bimetallic bars, Fe2O3 
or NiO slurry was printed on the first sheet of the bar, and then the other slurry was printed on 
the second sheet.   
Two reduction treatments were selectively applied with these six bars including: 
1. Low degree of reduction: 800 oC for an hour in H2, and 800 oC for an hour in 5%H2-
Ar, 
2. High degree of reduction: 600 oC for an hour, 700 oC for an hour, and 800 oC for an 
hour, under H2 at all temperatures. 
5%H2-Ar, a forming gas, has a lower reduction effect than pure H2 does because of 
higher partial pressure of H2 in pure H2 atmosphere.  Consequently, the higher degree of the 
oxide reduction, the smaller the amount of oxide powders, which are ceramics, remaining in the 
printed bars.  Since ceramics usually take a longer sintering time for densification than metals do 
due to their characteristically slow diffusivities, small oxide particles can possibly retard the 
sintering rate of the Fe-30Ni powders.[12]  Therefore, it is important that all oxide particles are 
reduced to metallic counterparts for good densification outcomes. 
The sintering treatment was the same for all the bars.  They were sintered and annealed at 
1400 oC for 2 hours.  Then, they were cooled at 8 oC/min to 650 oC for an hour.  Finally, they 
were air cooled to room temperature. 
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The printing and heating profiles of all the six bimetallic bars are summarized in Table 
3.2 below: 
Table 3.2: Printing and Heating profiles for the bimetallic bars. 
 B1 B2 B3 B4 B5 B6 
Printed 
Layer 
Thickness 
100 micron 100 micron 100 micron 100 micron 50 micron 50 micron 
Printing 
times 
Twice Twice Twice Twice Once Once 
Saturation 163% 163% 163% 163% 327% 327% 
Reduction 
degree 
High Low High Low High Low 
Printing 
Order 
Fe2O3 first Fe2O3 first NiO First NiO First NiO First NiO First 
 
For all printings, the jetting flow rate was approximately 1 cc/min, the fast-axis speed 
was 1.5 m/sec, the row spacing was 170 micron, and the packing fraction of spreading powders 
was 60%.  As mentioned in Section 3.2.3, each printed layer, after the first printing, was fired 
briefly at 200 oC in order to evaporate unwanted liquid out of the substrate to create the pore 
space in the layer for the second printing.  It could be observed that the powders were over-
saturated. The water of the printed slurries was observably adsorbed into unprinted regions 
surrounding the printed areas.  However, it was likely that the oxide particles were not 
significantly absorbed into the surrounding areas due to the filtering effect of the metal powder 
bed; most oxide particles were presumably filtered at the top of the printed layers because they 
could not penetrate the powder bed as easily as their liquid carrier.  Figure 3.8 shows a picture of 
the printed bars before any heat treatment. 
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Figure 3.8 The printed bars before firing and retrieval processes. 
 
 
 
 
Figure 3.9 The retrieved bars (A) after firing at 400 oC for 1 hour and (B) after firing more at 
800 oC for 1 hour. 
 
3.6 Part retrieval and strength results and discussion 
 
From the results from Chapter 2, we found that heating eye-dropped samples at 400 oC 
for 1 hour under hydrogen gas would enable us to retrieve the samples from loose powders most 
effectively.  As a result, after printing, the printed bars were heated and reduced in the tube 
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furnace under hydrogen gas at 400 oC for 1 hour.  Then, the excess powders were removed by air 
flow to retrieve the printed bars.   
During the retrieval process, an air flow rate must be carefully adjusted.  If the flow was 
too fast and strong, it could easily damage the printed bars.  If it was too slow and soft, excess 
powders would not be removed easily.  With an optimum flow rate, the printed bars could be 
retrieved successfully as shown in Figure 3.9. However, from Figure 3.9, it can be seen that the 
surfaces of the bars were not quite smooth.  The edge definition was still poor with some rough 
surfaces and some excess powders sticking on the surfaces that could not be removed by air 
flows.  Moreover, each bar’s bottom surface, which was the first printed layer in a foundation 
layer, was especially rough.  It was difficult to perfectly remove excess powders of a foundation 
layer from the first printed layer.  As a result, there were many chunks of the sintered powders 
spreading throughout the bottom surface and evidence of cracking.  If air flows were too strong, 
they would finally break printed bars apart. We can see from Figure 3.9 that one bar was broken 
into two pieces because of excessive air flow.  This could cause some difficulties if we wanted to 
print parts with more complex geometrics.   
These poor results of the retrieval of the printed bars were because the particle sizes of 
the oxide powders were about one micron and the sizes of the -44 micron Fe-30Ni powders were 
less than 44 micron.  From the particle size distribution of the Fe-30Ni powders shown in Figure 
3.4, the average particle size was 21.63 micron.  And, 8.5 vol% of the powders were even 
smaller than 4.5 micron.  Presumably, at 400 oC, these 8.5 vol% of the powders could possibly 
sinter as significantly and competitively as the 1-micron oxide powders.  A heat treatment at 400 
oC for an hour should only provide powders an initial stage of sintering in which neck growth 
occurs along the grain boundary between abutting particles.  Then, the dominant sintering 
mechanism during the initial stage at a low temperature is the boundary diffusion from boundary 
to surface (BS*B).  From scaling laws for sintering, if every dimension of particle 2 is X times as 
large as the corresponding dimension of particle 1 but the chemistries and geometries of both 
particles are similar, the two rates of sintering under conditions where only BS*B is dominant 
will then be the ratio: rate2/rate1 = X-4.[21]  As a result, the sintering rate of a 1-micron particle is 
about 256 times as fast as the sintering rate of a 4-micron particle.  However, in this experiment, 
the two particles were not similar in chemistry; the oxide powders in the bars were not 
completely reduced to metals at 400oC.  And, the diffusion of oxide powders is slower than that 
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of the Fe-30Ni powders; the grain boundary diffusion of iron oxide is approximately 7*10-29 m2/s 
at 400 oC, while that of Fe is approximately 1*10-27 m2/s.[12]  As a result, the sintering rate of 1-
micron oxide powders should be about the same as the sintering rate of the 4-micron Fe-30Ni 
powders, which were as many as 8.5 vol% of a total amount of the -44 micron Fe-30Ni powders.  
Correspondingly, at 400 oC, some of the unprinted powders already started sintering lightly, 
while the printed powders were relatively stronger but still very fragile.  Therefore, some of the 
excess powders could not be removed from the printed bars, forming chunks of the powders on 
the bottom surfaces of the bars. 
 
3.7 Oxide reduction results and discussion 
 
3.7.1 Background 
 
In Chapter 2, the reduction of Fe2O3 and NiO was studied by using TGA analysis.  The 
TGA results showed that these oxide powders could be completely reduced to metal powders 
under hydrogen atmosphere at a temperature range between 350 and 700 oC.  During a TGA 
procedure, the oxide powders were directly exposed to hydrogen gas.  However, during the 
reduction of the printed bars, the oxide powders resided in the pore spaces of the Fe-Ni base 
powders.  Reducing oxide powders inside a printed part is more difficult than reducing them 
directly exposed to hydrogen gas, because hydrogen diffusion into porous media also controls 
the rate of reduction.  Therefore, it is better to understand the kinetics of reduction of oxide 
powders under this particular circumstance, e.g. porous media.   
To study the kinetics of reduction of iron and nickel oxides, we initially simplified the 
complex-geometric configuration of the experimental setup.  Figure 3.10 below illustrates the 
simplified configuration of the experimental setup. 
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Figure 3.10 Simplified illustration of the reduction process 
 
In Figure 3.10, small particles of iron oxide (or nickel oxide) homogeneously surround 
large particles of the Fe-Ni alloy powders.  The thickness of the powder bed lies along the x-axis.  
Hydrogen gas flows past the surface of the powder bed along the y-axis.  Hydrogen gas can 
convect or diffuse into the powder bed with a pressure gradient as a driving force. 
It should be noted that the temperature at the reaction interface may not be the same as 
that in the gas surrounding the system.  And, heat transfer must be considered in the following 
transport phenomena: (1) convection between the bulk gas and the particle surface, (2) radiation 
between the particle and the surroundings, and (3) conduction through the product layer [22]. 
The rate-controlling factor of the metal oxide reduction of the printed bars is dependent 
on the following series of steps including (1) diffusion of the gaseous reactant, hydrogen, from 
the bulk gas to the  surface of the powder bed, (2) diffusion of the gas through the porous 
channels to the reaction interface, (3) adsorption of the gas at the interface, (4) reaction at the 
interface, (5) desorption of the gaseous product, H2O, from the interface, (6) diffusion of the 
gaseous product through the porous channels to the surface, and (7) transport of the product gas 
into the bulk gas stream.[20]  The slowest process in this series will control the rate of the 
reduction.  Therefore, not all of these steps will always be important in such a reaction. [22, 23]  
y-axis 
H2 Gas flow
Reducing gas diffuses and 
convects into the powder bed. 
Gaseous products diffuses 
out. 
Fe-30Ni base powders 
Oxide powders 
x-axis 
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Yet, any of these factors can be important and control the reduction rate.  As a result, the 
reduction of oxides in the bimetallic bars was much more complicated and more difficult than 
the reduction of oxides in TGA analysis. 
The results from TGA show that both oxides could be reduced completely at 
temperatures above 350 oC for about 30 minutes.  However, the reduction of the iron oxides and 
nickel oxides in the bimetallic bars was more complicated than the corresponding reduction in 
TGA analysis.  Therefore, for the bimetallic bars, the oxides were reduced at a higher 
temperature and for a longer time after the retrieval process than would be indicated by the TGA 
results. 
 
3.7.2 Results and discussion 
 
After the retrieval process, the printed parts were further reduced at a higher temperature 
under hydrogen gas to ensure that all the oxides were reduced to the corresponding metals.  The 
degree of reduction was varied for different bars.  The reduction profile for each bar was already 
shown in Section 3.5.  
From TGA analysis, all of the oxides in the printed bars were expected to be completely 
reduced at 800 oC for an hour.  However, from the results of the microprobe measurement of the 
oxygen content, there were still some traces of oxide residues in the bars; they seemed to be 
impossible to reduce to pure metals.  The microprobe results of oxygen contents in the bimetallic 
bars are shown in Figure 3.11.  We also reduced and sintered the oxidized Fe-30Ni powders.  
Then, the oxygen content of the sintered sample of the oxidized powders was measured.  Some 
oxygen residues were also present in the sample even though it was not printed with any of the 
oxide slurries.  No oxygen was detected by microprobe in the HIP sample of the Fe-30Ni 
powders. 
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Figure 3.11 Oxygent contents in the printed bars. 
 
The problem of the incomplete reduction was that, at 800 oC, the base powders started to 
sinter significantly and, as a result, blocked paths for the vapor production gas (H2O) to escape 
out of the bars and similarly for the hydrogen gas to diffuse in.  This obstacle might affect some 
of the rate-controlling factors that are important, e.g. transport of gaseous reactants and products 
in porous media, reaction at the interface, diffusion of the gas in the oxide powders, etc.  The 
impediment of all these factors could slow down the reduction process.  The diffusion and 
convection of the reducing gas through the porous base powders might be hindered by the 
elimination of pore channels as the base powders started to sinter at the reducing temperatures 
(600-800 oC).  Moreover, light sintering also made it more difficult for the gaseous products to 
escape.  As a result, the reduction reaction reached equilibrium and no more reaction could occur 
unless a significant amount of fresh reducing gas could come in and gaseous products could 
escape.  This is likely the main reason why the oxide powders could not be completely reduced. 
This impediment of the reduction process would definitely affect the results from 
sintering and homogenization processes.  These results and effects will be discussed in the next 
section. 
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3.8 Sintering and homogenization 
 
3.8.1 Background 
  
Nickel and iron form a good solid solution as evident in stainless steels.  They do not 
have a strong chemical reaction with each other.  Therefore, homogenization and sintering 
processes will take place simultaneously [12].  The diffusion mechanism leads to both 
homogenization and densification.  To locally control the composition, we had to ensure that the 
printed bars did not homogenize throughout the whole parts.  However, they needed to be fully 
densified by sintering.  Therefore, there was a trade-off between obtaining full densification and 
avoiding complete homogenization.  
It is known that a homogenization process dominates over a sintering process during 
early stages of annealing [11,12].  Therefore, it is most likely that the local homogenization will 
finish before the sintering process.  For example, if we sintered the sample longer than required 
for densification, interdiffusion between two sheets of an LCC bimetallic bar would occur since 
both sheets contained different Fe-Ni composition.  A compositionally graded interface, CGI, 
would form between the two sheets.  CGIs definitely degrade the bimetallic effect of the bar. 
Therefore, we approached this problem by choosing a sintering treatment that would 
result in a maximum densification rate while minimizing the degree of interdiffusion between the 
two sheets of an LCC bar.  The rates of local homogenization and sintering of the bimetallic bars 
were investigated.  First, the rate of local homogenization was calculated by using the kinetics of 
homogenization.  The rate was controlled by a solid diffusion mechanism and could be 
calculated from interdiffusion between iron and nickel.  The simplifications of the calculation for 
this work, illustrated in Figure 3.12 below, were the following: 
1. All the Fe-30Ni base powders were spherical and have the same size. 
2. Small Fe2O3 or NiO powders covered the surface of every the large powders so that we 
could assume that the oxides formed thin films around the surfaces of the large powders. 
3. The composition of the particles only varied along a radial axis and did not depend on θ 
and φ axes of a spherical coordinate. 
4. The concentration profile is periodic. 
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Figure 3.12 Illustration of the simplifications for the calculations of the local homogenization. 
 
Subsequently, the differential equation and boundary conditions of the homogenization 
process for this simplified system can be written as: 
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    Equation 3.3, 
where D is an interdiffusivity of the Fe-Ni system (cm2/sec), C is a concentration of Ni in the 
system (mole/cm3).  The two equations following the differential equation above are the 
boundary conditions.  The initial condition is shown in Figure 3.13 below: 
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Figure 3.13 Initial condition for Equation 3.3. 
 
The differential equations (Equation 3.3) could be solved by using the separation of 
variables method.  The concentration profile as a function of time and radius was solved to be: 
( ) ( )∑∞
=
−+=
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n
nnon DtrJCCC λλ    Equation 3.4 
where Jo is a Bessel function.  C  is an average concentration after the system is locally 
homogenized.  λn is given as: 
2
2
d
n
n
µλ =       Equation 3.5 
where µn is a value at which Jo(µn) is zero (µn increases with n; please find a Bessel function (Jo) 
plot in APPENDICES), d is a radius of a particle as shown in Figure 3.13 above.  The evolution 
of a concentration profile over time is roughly illustrated in Figure 3.14 below: 
r 
Ni Concentration (C) 
At t=0 
d 0 
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Figure 3.14 Evolution of a Ni concentration of every particle over time. 
 
The coefficients of the higher-order (n) terms in Equation 3.4 decrease as n increases.  
Also, they decay exponentially at rates which scale inversely as the square of µn.  Thus, even at 
short times, the first term (n=1) of Equation 3.4 is sufficient for an approximation of the 
concentration profile; this simplifies the concentration profile to: 
 
( ) ( )DtrJCCC o 111 exp λλ −+=    Equation 3.6 
 
The concentration evolves exponentially with time. A time required to locally 
homogenize the system is approximately 1.74d2/D.  For example, if the particle diameter is 25 
microns (d = 25/2 = 12.5 micron) and typical diffusivity of Fe-Ni alloys at T = 1400 oC is 5*10-13 
m2/s, the required homogenization time is approximately 9 minutes.  The required time increases 
with an increase in a particle size and decreases with an increase in an interdiffusivity of the Fe-
Ni system.  Therefore, the degree of homogenization (scale from 0 to 1) is approximately: 
257.0 d
DtH =       Equation 3.7 
Next, the kinetics of sintering was investigated.  Sintering is a complicated and difficult 
process, because there are many transport mechanisms that contribute to a sintering process 
including surface, volume and grain boundary diffusions, viscous flow, plastic flow, 
evaporation-condensation process, etc.[21]  Therefore, it is tedious to predict the densification 
C  
r 
Ni Concentration (C) 
 
Increasing time 
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from sintering through numerical calculations, which will require advanced numerical 
simulations and modeling.  As a result, empirical observation should sufficiently and practically 
provide the sintering characteristics of the -44 micron Fe-30Ni powders.  As a result, in this 
work, the sintering profiles were used to consider a sintering treatment. 
From the sintering profiles of the -44 micron Fe-30Ni powders, the powders densified the 
most at 1400 oC for 2 hours.  Increasing a sintering time did not increase the resulting 
densification.  The interdiffusivity of Fe-36Ni is approximately 5.23*10-13 m2/s at 1400 oC [12].  
Therefore, from Equation 3.7, an approximate time required for a complete local homogenization 
would be only 9 minutes.   This calculation confirmed that the homogenization mechanism 
dominated during the early stages of annealing.  Increasing an annealing temperature to increase 
densification and shorten a sintering time was not an option, because the solidus temperature of 
the Fe-Ni system is about 1450 oC and a liquid phase could form above this temperature.  
Moreover, the homogenization rate would also increase with a temperature; hence the local 
homogenization would be complete within a very short time.  Decreasing temperature and 
increasing sintering time would decrease the resulting densification, which was shown from the 
sintering profiles, and even allowed more time for homogenization throughout a part.  As a 
result, the heat treatment at 1400 oC for 2 hours was used for the LCC bimetallic bars.   
After the bimetallic bar completed local homogenization, the two sheets of the bar would 
have different composition.  This compositional difference would result in a driving force for 
interdiffusion between the two sheets.  Since the layer thickness was large compared to the 
particle size, this interdiffusion was assumed to be an infinite diffusion problem in which the 
concentrations of the two sheets of the bar at x = ∞ remain constant over time.  The 
concentration profile is expressed as [21]: 
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where CNi and CFe are the Ni concentration of the Ni-rich and Fe-rich sheets respectively, x is the 
distance from the interface.  From Equation 3.8, with the annealing temperature of 1400 oC and 
time of 2 hours, the resulting compositional profile of the bars was shown in Figure 3.15 below.  
As expected, CGI would be present at the interface between the two sheets. 
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Figure 3.15 the compositional profile of the bimetal bars. 
 
3.8.2 Results and discussion 
 
Sintering 
 
The oxidized –44 micron Fe-30Ni powders were reduced and sintered.  The sintered 
samples’ densities were measured.  The resulting sintering profiles are shown below: 
Table 3.3: Sintering profiles of the oxidized Fe-30Ni powders. 
Reduction Sintering Density (g/cc) Densification (%) 
400 C 1 hour 
800C 1 hour 
1400 C 2 hours 7.37 90.73 
400 C 1 hour 
600 C 1 hour 
700 C 1 hour 
800 C 1 hour 
1400 C 2 hours 7.33 89.77 
 
X (mm)
Ni Content (C) CNi = 33.9wt% 
CFe = 28.7wt% 
Fe-rich Ni-rich
0.40.2-0.2 -0.4 
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The densities of the sintered oxidized powders were in the range of 89-91%.  They were 
about 2% below those of the sintered unoxidized Fe-30Ni powders.  The lower density was most 
likely due to some residual unreduced oxide on the powder surfaces.  Surprisingly, the resulting 
density after a high degree of reduction was even lower than that from the low degree of 
reduction.   
As a result, the target densification of the printed bimetallic bars should be realistically 
decreased to 90%, assuming that we could reduce all the oxide powders from the slurries and 
obtain similar sintering characteristics as the base powders. 
Next, the printed bimetallic bars were reduced and sintered similarly and their densities 
were measured.  The densification result is plotted in Figure 3.16.  The resulting densities for all 
the bars were well below the target densification of 90%.  These bimetallic bars contained 
Fe2O3/NiO particles before decomposition.  Presumably, there were more oxide elements 
residing in the bars during sintering than in the samples of the oxidized powders without 
printing.  Consequently, these oxide elements hindered the sintering and densification processes.  
The densification was as low as 71.94%.  The maximum densification was 80.76%, from B5.  
No correlation between the resulting densities and the reduction degree was observed.  For 
example, B3 and B4 had the same printing treatment but B3 had a lower degree of reduction; 
however, the densification of B4, 77.33%, was approximately 4% higher than that of B3, 
72.79%. 
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Figure 3.16 Densification of all the bars ranked from low to high. 
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It should be noted that B5 and B6 had the highest densities among all the bars.  Both B5 
and B6 were printed with the same manner, in which 50-micron layers were printed, while the 
other samples were printed with 100-micron printed layers.  The microstructures of B5 and B1 
are shown in Figure 3.17.  It is evident from the microstructures that B1 is more porous than B5.  
Reasons for the different results between B1 and B5 will be explained below.   
To understand the cause of poor densification of the printed bars, the results from 
microprobe measurements were assessed.  Figure 3.11 above shows the plot of the oxygen 
content vs. a distance from one end (Fe-rich side) to the other end (Ni-rich side) of each bar.  
There is evidently some oxygen left in the bars, even after reduction.  The oxygen contents 
fluctuated randomly across the thicknesses of the bars.  As a result, it is too difficult to 
distinguish the oxygen content characteristics of B1 and B5 from the plot.   
 
 
Figure 3.17 Microstructures of (A) B1 and (B) B5. 
 
Subsequently, the total data points of oxygen contents for B1 and B5 were averaged for 
comparison.  The average oxygen contents of B1 and B5 were 0.81 wt% and 0.35% respectively.  
The lower oxygen content of B5 corresponded with its higher densification.  This shows that less 
unreduced oxide remained in B5 than in B1 resulting in a higher densification for B5 than for 
B1.  As a result, the oxygen contents of the other bars were also assessed.  Figure 3.18 shows the 
plot of the oxygen contents of all the bars.  Figure 3.18 confirms that both B5 and B6 had the 
lowest oxygen contents as well as the highest densification.  However, the standard deviations of 
the average oxygen contents for all the bars were relatively high, since the oxygen contents 
fluctuate significantly across the thicknesses of the bars as shown in Figure 3.11 above.  
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Therefore, the observed correlation between densification and the oxygen content could only be 
applied when the bars’ densities were significantly different.  For example, B5 had higher 
densification but also a higher oxygen content than B6 did, however, B5 and B6 had densities of 
80.76% and 79.90% respectively. 
In addition, Figure 3.18 also shows the oxygen of the HIP sample as a control sample.  
The HIP sample was made by hot isostatic pressuring Fe-30Ni powers without oxidation or 
printing.  Evidently, the measured oxygen content in HIP sample is zero.  However, it should be 
noted that the minimum oxygen content detectable by Electron Microprobe is approximately 
0.01 wt%.  It is not conclusive that the oxygen content in HIP sample is zero; yet, it is still much 
lower than the oxygen contents in the printed bars. 
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Figure 3.18 An oxygen content comparison. 
 
Evidently, the thickness of a printed layer seemed to influence the resulting densification 
more than the degree of reduction did.  Both B5 and B6 had the same printed-layer thickness but 
different reduction degrees; they resulted in similar densification.  Conversely, B6 had a low 
degree of reduction while B2 had a high degree of reduction, but the densification of B6 was 
much more than that of B2.   
This implies that there was less residual oxygen in the bars with a 50-micron printed 
layer.  Therefore, the resulting densification was higher for the bars with a 50-micron printed 
layer.  The correlation between the printed-layer thickness and the residual oxygen content was 
unexpected.  However, it can be explained after we discuss homogenization and composition 
profiles of these bimetallic bars. 
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Homogenization 
 
First, the HIP sample was measured with an electron microprobe to verify that its Ni 
content was 30 wt%.  From the result, the actual composition of the Fe-30Ni powders was 
approximately 29.3wt% Ni as shown in Figure 3.19.  On the same figure, the Ni content of the 
oxidized Fe-30Ni powders after reduction and sintering was also measured.  The Ni content of 
these samples fluctuated around the Ni content of the HIP sample presumably due to the residual 
oxide particles.   
With the base powder’s Ni content of 30wt%, after printing and annealing, the calculated 
values of Ni contents in Fe-rich and Ni rich sheets became 28.7wt% and 33.9wt% respectively.  
We would expect that the Ni contents of both would be less than the calculated value because the 
measured Ni content of the base powders was 29.3 wt%.  However, the concentration difference 
between two sheets should be approximately the same. 
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Figure 3.19 Nickel contents in the HIP and the oxidized Fe-30Ni samples. 
 
The paths of the microprobe measurement on each bar are illustrated in Figure 3.20.  
Three locations along the length of a bar were measured.  For each location, the composition was 
measured from one sheet’s edge to the other sheet’s.  The composition profiles from the three 
regions were combined.  The combined compositional profiles for all the bimetallic bars were 
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shown in Figure 3.21.  The fitting curves on Figure 3.21 are Order 6 polynomial trendlines to 
illustrate the compositional profiles of the bars across their thicknesses.  All the figures similarly 
show that the composition on each sheet of every bar was not uniform.  We would expect to see 
uniform composition on each sheet, ~33.9wt% on a Ni-rich side and ~28.7wt% on the other, with 
a compositional graded interface between the two sheets as shown in Figure 3.15 above.  These 
scattering composition profiles could result from inhomogeneous degrees of reduction 
throughout the bars such that amounts of Fe/Ni elements in different local regions were not 
equal; therefore, in some regions that had very large amounts of Ni or Fe elements, the final Ni 
compositions was extremely high or low, respectively.   
 
Figure 3.20 Microprobe measurement traces 
 
 
 
 
 
 
 
 
 
Ni-rich sheet 
Microprobe traces
Fe-rich sheet 
 75
Figure 3.16a: Bimetal B1
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Figure 3.16b: bimetal B2
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Figure 3.16c: bimetal B3
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Figure 3.16d: bimetal B4
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Figure 3.16e: bimetal B5
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Figure 3.16f: bimetal B6
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Figure 3.21 The compositional profiles for all the bimetallic bars.  The fitting curves are Order 6 
polynomial trendlines to illustrate the compositional variations across the thicknesses of the bars.   
 
There were a few interesting characteristics of the compositional profiles that could be 
observed from these bimetallic bars.  These characteristics are summarized below: 
1. At the ends of both Fe-rich and Ni-rich sheets of each bar, the composition turned 
toward the composition of the base powders (29.3wt%). 
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2. The composition graded interfaces of B1 and B2 were the steepest, while those of B5 
and B6 were the least steep. 
3. The differences in the average Ni concentrations between the Fe-rich and Ni-rich 
sheets were larger for B1-B4 than for B5 and B6, as shown in Figure 3.22.  
4. The thickness fractions of Ni-rich sheets of B1 and B2 were more than those of the 
other bars, as shown in Table 3.4.  The thickness fraction of Ni-rich sheet is a ratio of 
the thickness of a Ni-rich sheet to the total thickness of a bar. 
5. The total thicknesses of B1 and B2 were smaller than the thicknesses of B3-B6 as 
shown in Table 3.4 and Figure 3.23. 
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Figure 3.22 The column plot of concentration differences for all the bars. 
 
Table 3.4: Thickness profiles for all the bars: thickness, thickness fraction. 
 B1 B2 B3 B4 B5 B6 
Thickness (mm) 0.68 0.67 0.80 0.78 0.75 0.76 
Ni-rich thickness percentage* (%) 49 46 35 36 25 31 
CGI thickness percentage* (%) 20 18 33 31 36 30 
Fe-rich thickness percentage* (%) 31 36 32 33 39 39 
Total (%) 100 100 100 100 100 100 
* Ni-rich/CGI/Fe-rich thickness percentage or fraction is a ratio of the thickness of a Ni-
rich/CGI/Fe-rich sheet to the total thickness of a bar. 
 77
 
Figure 3.23 Comparison between the thicknesses of (A) B2 and (B) B3. 
 
Surprisingly, these five characteristics are mutually dependent and can be explained with 
similar reasons.  These causes and ramifications of the results will be discussed below.   
The characteristic 5 should be addressed first in order to explain the other characteristics 
in simple manner.  The thickness of each sample should be approximately the same, since the 
initial thicknesses of the printed bars were the same at 0.8 mm.  However, apparently the 
densification degrees were different for different bars.  Therefore, the bars with higher 
densification should have thinner thicknesses because of higher shrinkage.  Surprisingly, from 
the data, the measured final thickness of each bar was not correlated with its densification.  The 
thicknesses of B1 and B2 were the thinnest, even though their densification degrees were also the 
lowest.  There must be other factors influencing the resulting thicknesses rather than 
densification.   
The most likely factor was the printing order of each bar.  Both B1 and B2 had the same 
printing order with Fe2O3 printed first, while the other bars’ printing orders were reversed.  The 
other controlled factors, e.g. printed-layer thickness, reduction degree, seemed to be uncorrelated 
to final bar thickness. 
From the densification data, we could calculate linear shrinkage of all the bars.  The 
densification data and calculated linear shrinkage of all the bars are shown in Table 3.5.  In this 
calculation, we assumed that the initial packing density of the printed bars, before any heat 
treatment, was 50%.   
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Table 3.5 Densification and linear shrinkage data for all the bars. 
 Densification (%) Linear shrinkage (%) 
B1 71.90 10.15 
B2 75.92 11.38 
B3 72.77 10.43 
B4 77.34 11.78 
B5 80.76 12.70 
B6 79.87 12.46 
 
With the linear shrinkage data, we could calculate the final thicknesses of the bars 
assuming that their initial thicknesses were 0.8 mm.  The calculated final thicknesses were 
plotted compared to the measured final thickness in Figure 3.24 below.  From the figure, the 
measured thicknesses of B1 and B2 were thinner than the calculated ones, while the measured 
thicknesses of the other bars were thicker than the calculated ones.  The actual initial thicknesses 
of the bars might be deviate somewhat from 0.8 mm. 
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Figure 3.24 Comparison between the calculated final thicknesses and the measured ones. 
 
 79
Then, we used the measured final thickness and linear shrinkage of each bar to calculate 
the actual initial thickness.  The calculated results are also shown in Table 3.6 and plotted in 
Figure 3.25.  The calculated initial thicknesses of B1 and B2 were the same at 0.76 mm, while 
those of the other bars were thicker than as-programmed thicknesses of 0.8 mm.  However, since 
the error range of the thickness data was significant approximately +/- 0.056 mm, it was 
inconclusive that the initial thicknesses of B1 and B2 were thinner than the as-programmed 
thickness.  However, the initial thicknesses of B3-B6 were apparently thicker than those of B1 
and B2.  
Table 3.6 The actual initial thicknesses and measured final thicknesses. 
 B1 B2 B3 B4 B6 B7 
Measured final thickness (mm) 0.68 0.67 0.8 0.78 0.75 0.76 
Actual initial thickness (mm) 0.76 0.76 0.89 0.88 0.86 0.87 
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Figure 3.25 Column plot of the calculated initial thicknesses and the measured final ones. 
 
The reason that the actual initial thicknesses were thicker than the as-programmed 
thicknesses was likely because the saturation of the printed layers was over 100%.  The resulting 
saturation was approximately 163% and 327% for 100-micron and 50-micron printed layers 
respectively; for simplicity in discussion, the saturation will be approximated to be 150% and 
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300% respectively.  The hyper-saturation might cause the slurries to penetrate deeper than the 
thickness of each printed layer.  For example, for a 100 micron layer, the penetration depth of 
one printing path might be 1.5 times a thickness of 100 micron; similarly, the penetration depth 
for a 50 micron printed layer might be 3 times a thickness of 50 microns.  As a result, the 
penetration depths for both 50-micron and 100-micron printed layers were equally 150 microns.   
During printing, a foundation layer with a thickness of 2 mm was spread first.  
Subsequently, without spreading a new layer, we printed on to the foundation layer for the first 
printed layer.  Presumably, the printed slurry could penetrate the layer as deeply as it could due 
to the layer’s extra-deep thickness.  As a result, the actual initial thickness of each bar became 
larger than the as-programmed thickness.  This is illustrated in Figure 3.26.  
 
 
Figure 3.26 The illustration for the first printing path on the foundation layer. 
 
The difference in the actual initial thicknesses of the different bars could be explained 
with the printing order and the quality of the slurries.  From Chapter 2, the quality of the NiO 
slurry appeared to be better than that of the Fe2O3 slurry due to its higher packing fraction.  As a 
result, the NiO particles would most likely be transported via a slurry more effectively than the 
Fe2O3.  In the other words, the Fe2O3 slurry would possibly be filtered out at a shallower depth in 
the powder bed.  Correspondingly, for B1 and B2, the Fe2O3 slurries were printed first on to their 
foundation layers; hence, they might penetrate shallower than 150 micron depth.  For the other 
bars, the NiO slurries were printed first, therefore, might penetrate deeper than the Fe2O3 slurries 
did.  As a result, the initial thicknesses of the bars with the NiO slurries printed first were thicker 
than those of the bars with Fe2O3-printed first. 
Consequently, for the characteristic 1 of the compositional profiles, we could explain 
why the composition at the ends of both Fe-rich and Ni-rich sides turned toward the composition 
of the base powders.  First, we should envision what might have happened during the printing on 
100% saturation > 100% saturation 
2 mm 
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to every layer.  For a 100-micron printed layer, double printing paths were made on each layer.  
In the first layer, if the filtering effect was assumed to be small and negligible, the penetration 
depth would be 150 micron.  Therefore, the first layer thickness would be 150 micron, as 
illustrated in Figure 3.27.  Then, the second layer of a 100 micron thickness was spread and 
printed twice, as illustrated in Figure 3.27.  The penetration depths of the two printings on the 2nd 
layer were also 150 micron.  Therefore, the top 50 micron region of the first layer would be 
printed 2 more times by the printings for the 2nd layer.  Consequently, the top 50-micron region 
of the first layer would be deposited with a higher dopant amount than the bottom 100-micron 
region due to extra printings.  We printed onto a total of 8 layers of 100-micron thicknesses.  
Therefore, the 1st – the 7th layers should have similar penetration and deposition results.  The 
final layer was different from the other layers.  It did not receive any extra slurries since there 
was no other layer above it.  Therefore, the total amounts of deposited dopants in the final 100-
micron layer and the first 100-micron layer were less than the total amounts in the other layers in 
the middle; hence, the magnitudes of the composition changes were smaller in the first and the 
final 100-micron layers.  As a result, the composition of both edges of the bars turned toward the 
composition of the base powders. 
 
Figure 3.27 Schematic illustration of the printing on every layer. 
 
Now, it is simple to clarify the cause of the characteristic 3.  The composition apparently 
changed more for B1-B4 than those of B5 and B6.  For B5 and B6, each printed layer was 50 
micron thick and printed once, while the other bars consisted of 100-micron printed layers that 
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were printed twice.  As aforementioned, we incorrectly assumed that the 50-micron printed 
layers, which were printed once, would contain the same dopant amount as the 100-micron 
printed layers, which were printed twice, because the estimated saturation of the 50-micron 
printed layers was twice as much as that of the 100-micron layers.  However, now we learned 
that the saturation would actually be the same for both the 50-micron and the 100-micron printed 
layers.  Therefore, the 100-micron printed layers would receive twice as many dopants as the 50-
micron ones, because they were printed twice.  The more dopants deposited in the printed 
powders, the higher composition of the printed powders shifted.  Therefore, the composition in 
both Fe-rich and Ni-rich sheets of B1-B4 was shifted more than that of B5 and B6.  So, the 
composition difference between the two sheets was higher for each of B1-B4 than for B5 and 
B6. 
Next, the characteristic 2 relating to the compositional gradient at the interface can be 
understood.  The gradients in B1-B4 were steeper than those in B5 and B6.  This was also 
because of the difference in the thicknesses of the printed layers.  For the 50-micron printed 
layers, the 150-micron penetration depth allowed the slurries to penetrate as many as 3 layers 
assuming that the filtering effect was negligible.  The slurries could penetrate only 1.5 layers for 
the 100-micron printed layers.   
To recap, the number of total layers of the bimetallic bars with 50-micron printed layers 
was 16; the number of total layers is 8 for the bars with 100-micron printed layers.  Therefore, if 
the Fe2O3 slurry was printed on to the first half of the bars, the NiO slurry, printed on to the next 
layer right above the first sheet, would also penetrate the 7th and 8th layers for the 50-micron 
printed layers, and only ½ of the 4th layer for the 100-micron printed layers.  As a result, for the 
50-micron printed layers, the NiO and Fe2O3 slurries were mixed at the interface covering larger 
thickness (approximately about 100 microns) and, therefore, the composition gradually changed.  
On the other hand, for the 100-micron printed layers, the mixing of NiO and Fe2O3 slurries at the 
interface covered only less than a 50 micron thickness, therefore, the composition changed more 
abruptly at the interface.  As a result, the compositional gradients were steeper for B1-B4, which 
consisted of 100-micron printed layers. 
Finally, it is easy to grasp the origins of the characteristic 4.  It was a result of the 
difference in qualities of the Fe2O3 and NiO slurries.  As aforementioned, the NiO slurry was 
superior to the Fe2O3 slurry, therefore, the NiO dopants could penetrate and be deposited deeper.  
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Then, if one of the Fe2O3 and NiO slurries was printed first, the other slurry would then be 
printed on to the next layer right above the first printed sheet, and penetrate across the interfacial 
boundary between the Fe-rich and Ni-rich sheets.  The cross-interface penetration of the NiO or 
Fe2O3 slurries most likely depleted the thickness fraction of the Fe-rich or Ni-rich sheets 
respectively.  Moreover, the NiO dopants would penetrate across the interface at larger depth 
than the Fe2O3 dopants would.  As a result, the thickness fractions of the Ni-rich sheets of the 
bars with Fe2O3 printed first (B3-B6) were relatively less than those of the bars printed with NiO 
first (B1 and B2). 
 
3.9 Thermal bending 
 
3.9.1 Background 
 
Figure 3.28 illustrates a simple bimetallic strip after uniform heating.  In an ideal case, 
assuming that: 
1. The difference in CTE remains constant during heating, 
2. The friction at the supports can be neglected, 
3. The width of the strip can be considered as being very small, and 
4. Thicknesses of both sheets are the same, then, the bending curvature of the bimetallic bar 
can be obtained, [24] 
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where κ is curvature of bending, r radius of bending, α1, α2  CTE of sheet 1 and 2 respectively, T 
temperature, t thickness,  and n is E1/E2, where E is the elastic modulus. 
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Figure 3.28 A simple bimetallic strip while uniformly heated. 
 
Equation 3.9 shows that the curvature is proportional to the CTE difference, temperature, 
and inversely proportional to the thickness of the strip, while the magnitude of the ratio E1/E2 
does not produce much effect on the curvature. 
 The ratio of the elastic modulus of the Fe-rich and Ni-rich sheets should be close to one.  
Therefore, it is assumed to be one, then, Equation 3.9 can be simplified to: 
 
( ) ( )oTTtr −
−== 12
2
31 αακ   Equation 3.10 
 
In the measurement of thermal bending of the LCC bimetals, the bars were fixed at one 
end and left free at the other end.  The measurement setup is shown in Figure 3.29.  Simple 
geometrical considerations derive the relationship between the curvature and the deflection to be 
[6]: 
atal
a
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Figure 3.29 Bimetallic bending measurement setup 
l 
t Heat
r 
a
Uniformly Heat 1 
2 
 85
 
The curvature relates to the deflection, the length and thickness of a bimetal bar.  
Combining Equation 3.10 and Equation 3.11, one should be able to solve for the deflection of a 
bimetal bar. 
However, the LCC bimetallic bars were far from the ideal case.  First, the CTE of an Fe-
Ni alloy is sensitive to a temperature change as shown in Figure 3.30.  Second, the bimetallic 
bars had compositionally graded interfaces between their two sheets.  Finally, the concentration 
in each sheet of the bimetallic bars was not uniform, therefore, CTE, which is sensitive to the 
concentration, fluctuated significantly.  These factors would definitely affect the bending 
property of the bimetallic bars and will be discussed more in the following section. 
 
 
Figure 3.30 CTE vs. compositions at different temperatures [19]. 
 
3.9.2 Results and Interpretation 
  
The measured deflections of all the bimetallic bars are shown in Figure 3.31 below.  
Figure 3.32 illustrates B2 bending as a temperature increased. 
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Figure 3.31 Measured bending deflections for all bars. 
 
 
Figure 3.32 The picture of B2 while bending as heated 
 
From the results, B1 had the highest deflection; B5 and B6, as expected due to the lowest 
composition difference, had the lowest deflections among all the bars.  One would expect to see 
similar bending behaviors for B1 vs. B2 and B3 vs. B4, since these bars had similar printing and 
annealing treatments but different degrees of the reduction; it was already shown that the degree 
of reduction did not affect the results much.  However, B1 deflected more than the other three 
bars, whose deflections were similar. 
The discrepancies in the bending results might be explained by the difference in 
compositional profiles of these bars.  Moreover, the experimental thickness and length of each 
bar were dissimilar.  There were also some oxide particles inside the bars and these could locally 
affect the resulting material properties, concentrations and, most importantly CTE.  Therefore, 
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we tried to develop models that could best describe the bending behaviors of these bars based on 
the experimental data, e.g. compositional profiles, thickness, and length. 
The first model used Equation 3.10 and Equation 3.11 to calculate the bending 
deflections for the bars.  These equations are for an ideal case, therefore, the interfacial 
compositional gradient was assumed to be sharp.  The alloy composition in each sheet was 
assumed to be uniform; the fluctuating composition in both sheets was averaged to obtain the 
single uniform values.  Finally, it was assumed that the thickness of both the Fe-rich and Ni-rich 
sheets were the same.  However, the temperature dependence of CTE was taken into account.  
As shown in Figure 3.30, for a composition range between 27 and 36 wt% Ni, the CTE of Fe-Ni 
alloys with higher Ni wt% increases with an increase in temperature more than the CTE of the 
alloys with lower Ni wt% do.  There is no exact formulation of the relationship between CTE 
and temperature; only empirical data for the relationship is available.  As a result, the variations 
of CTE as a function of temperature for different compositions were formulated.  The 
formulation process included (1) plotting the empirical data of the CTE as a function of 
temperature for different Fe-Ni composition and (2) finding fitting curves and equations for all 
the plots.  We then used the fitted equations to describe the temperature dependence of CTE for 
all composition of the Fe-Ni alloys.  Then, the fitted equations of the CTE as a function of 
temperature, CTE(T), could be included in Equation 3.10 with a small increment of temperature, 
then we obtained: 
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3)1()( αακ −==   Equation 3.12 
 
The first model obtained the prediction of the resulting curvatures for the LCC bimetals 
by integrating Equation 3.12 from a room temperature to a temperature at which the bars were 
heated.  It should be noted that this 1st model assumed that the bimetals had sharp compositional 
graded interfaces and uniform composition in each sheet.  Table 3.7 summarizes the calculated 
results.  Then, the calculated bending deflections from the 1st model are plotted next to the 
measured values for comparison in Figure 3.33. 
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Table 3.7 The calculated values of the curvature and deflection of the LCC bimetals by the 
1st model (Equation 3.10 and 3.11). 
Calculation from the 1st model Measurement data 
Deflection (mm) Deflection (mm) 
 
200 oC 400 oC 200 oC 400 oC 
B1 0.95 1.26 0.52 0.64 
B2 0.87 1.17 0.36 0.38 
B3 0.67 0.86 0.37 0.39 
B4 0.88 1.23 0.40 0.45 
B5 0.49 0.63 0.19 0.23 
B6 0.58 0.78 0.20 0.21 
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Figure 3.33 Comparison between the measured bending and calculated bending deflections from 
the 1st model. 
 
The LCC bimetallic bars’ measured bending deflections were less than the values 
predicted by the 1st model.  The deflections of B5 and B6 yielded only 35% of the predicted 
values, while B1, the bar with the largest deflection, yielded only 50% of the predicted value.  
The compositional graded interfaces of the LCC bimetallic bars were believed to be responsible 
for such low deflection yields.  These gradients are known to reduce the bimetallic effect.  
Therefore, a 2nd model was developed by including the compositionally graded interlayer 
between the Fe-rich and Ni-rich layers in the calculations.  The Fe-rich and Ni-rich layers were 
assumed to have uniform compositions; the single uniform composition was an average of the 
composition data of each sheet.  The gradient of the interlayer was assumed to be linear.   This 
compositional profile for the 2nd model is illustrated in Figure 3.34 below. 
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Figure 3.34 An example of the compositional profile of the 2nd model. 
 
 For the 2nd-model, we used MultiTherm ©MIT 1995 [20], developed by Marc Finot and 
Subra Suresh, to calculate bending deflections.  The software was written in Visual Basic.  
MultiTherm is an easy-to-use program, which quickly simulates how layered and graded 
materials perform when subjected to thermal and mechanical loads.  The program, based on 
simple beam and plate theories of classical mechanics, performs numerical integration of a set of 
force balance and moment balance equations to provide useful quantitative analysis for multi-
layer plates with well bonded interfaces between the layers; the quantitative analysis includes: 
(1) quantitative estimates of the stress and accumulated plastic strain within each layer, 
and 
(2) predictions of overall curvatures and strains for general isotropic or orthotropic multi-
layers undergoing elastic and plastic deformation. [20]   
MultiTherm enables calculation of the curvatures with multiple layers with different 
materials composition.  Hence, in the 2nd model, the bimetallic bars consisted of 3 layers 
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including: (1) an Fe-rich layer, (2) a compositionally graded layer, and (3) a Ni-rich layer. 
MultiTherm has an option for a graded layer between two homogeneous layers, however the 
graded layer is to be considered as a bi-phase composite with a volume fraction of each phase of 
the homogeneous layers varying through the thickness.  Therefore, the graded layer was not 
applicable to the LCC bimetallic bars system.  As a result, the compositionally graded layers of 
the LCC bars were decomposed into 10 homogeneous layers of a relatively small thickness with 
a gradual increment of a Ni content from the Fe-rich layer's composition to Ni-rich layer's.  The 
mechanical properties, e.g. Young's modulus, Poisson’s ratio, and yield strength, were assumed 
to be identical for all layers.  The CTE of each layer corresponded to the input composition of 
the layer.  However, the program does not address the temperature dependence of CTE in the 
calculations.  Therefore, we needed to find a single CTE value of individual composition that 
best described the variation of CTE over a temperature change. 
Regression analysis was used to estimate the average value of CTE.  For example, if we 
would like to calculate the bending deflections of the LCC bars heated from 25 oC to 200 oC, a 
single value of CTE would be calculated for a 25-200 oC heating profile.  Figure 3.35 shows the 
CTE as a function of temperature for different Ni wt%.  Then, we used regression analysis to 
find the best-fit curves and equations for the CTE data vs. temperature.  The fitted equations, 
CTE(T), described the variations of CTE as a function of temperature for different composition.  
Then, the average CTE for a temperature elevated from 25 to 200 oC should be obtained by: 
 
( )
0
0
−=
∫
T
dTT
T
Tforaverage
α
α   Equation 3.13 
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Linear regression for CTE from 0-200 C
CTE1 = 0.0083T + 16.888
CTE2 = 0.0323T + 10.912
CTE3 = 0.0502T + 3.621
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Figure 3.35 Linear regression analysis example 
 
As a result, the average values of CTE adjusted for heating from 25 oC to 200 oC were 
obtained for all layers.  These average CTE values were input in MultiTherm to predict the 
curvatures of the LCC bimetallic bars.  Then, the curvatures and bending deflections for the bars 
heated to 200 oC were calculated and are shown in Table 3.8. 
 
Table 3.8 Calculated curvatures and deflection from the 2nd model (Figure 3.34). 
Calculated results from the 2nd model Experimental Data  
Curvature at 200 oC (m-1) Deflection at 200 oC (mm) Deflection at 200 oC (mm) 
B1 3.58 0.70 0.52 
B2 3.28 0.64 0.36 
B3 2.54 0.49 0.37 
B4 3.37 0.65 0.40 
B5 2.21 0.34 0.19 
B6 2.36 0.42 0.20 
 
The calculated curvatures from the 2nd model seemed to be dependent on the CTE 
difference between the Ni-rich and Fe-rich layers and the slope of the CTE gradients at the 
interfaces.  The CTE gradient is the ratio of the CTE difference to the thickness fraction of the 
interface layer.  The CTE difference at 200 oC and the slope of the CTE gradients are plotted in 
Figure 3.36.  B1, B2, and B4 had high CTE differences and steep slopes of the CTE gradients.  
Those for both B3 and B6 were moderate, while those for B5 were the lowest.  Correspondingly, 
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the calculated curvatures of B1, B2, and B4 were among the highest, then those of B3 and B6, 
and finally the curvature of B5 was the lowest.    
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Figure 3.36 The CTE differences between the two sheets and the CTE gradients at 200 oC. 
 
 Then, we compared the calculated deflections from the 2nd model to the experimental 
results and the 1st model results by plotting in Figure 3.37.  The 2nd model apparently predicted 
the bending curvatures of the LCC bars more accurately than the 1st model.  However, the results 
from the 2nd model still considerably differed from the experimental results.  To be specific, it 
predicted that the bending deflections of B3 and B6 should be similar, but the experimental 
results showed that the deflection of B3 was higher than that of B6 and similar to those of B2 
and B4.  The measured deflection of B6 was actually as low as that of B5.   
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Figure 3.37 The comparision plot of the experimental, 1st model and 2nd model results. 
 
 Evidently, a more accurate input of the bars’ compositional profiles in the MuliTherm 
should improve the prediction of the bending deflections.  Therefore, the 3rd model included the 
converging characteristic of the compositional profiles in the zones close to the edges of both Fe-
rich and Ni-rich sheets.  The compositional profiles for the 3rd model were similar to the profile 
illustrated in Figure 3.38.  The compositional profiles for the 3rd model consisted of four 
homogeneous layers and three graded layers.  Similar to the 2nd model, these three graded layers 
were decomposed into thin homogeneous layers. 
 The calculated results from the 3rd model are shown in Table 3.9.  The calculated values 
of the curvature and deflection of each bar were less than the values from the first two models.  
In this model, the bending curvatures seemed to be dependent on (1) the CTE difference between 
the Ni-rich and Fe-rich layers, noted as the interfacial CTE difference, and (2) the CTE 
difference within the Ni-rich or Fe-rich layers caused by the converging characteristic, noted as 
the edge CTE difference.  Table 3.10 shows the CTE difference information for all bars. 
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The 3rd model for bimetal B2
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Figure 3.38 The illustration of the composition profile for the 3rd model 
Table 3.9 The calculated results of the curvature and deflection from the 3rd model (Figure 
3.38). 
The 3rd model calculation Experimental data  
Curvature at 200 oC (m-1) Deflection at 200 pC (mm) Deflection at 200 C (mm) 
B1 2.87 0.55 0.52 
B2 2.11 0.41 0.36 
B3 2.64 0.51 0.37 
B4 2.94 0.57 0.40 
B5 2.05 0.32 0.19 
B6 1.95 0.35 0.20 
Table 3.10 The data of the CTE differences for the 3rd model. 
 B1 B2 B3 B4 B5 B6 
Ni-rich edge CTE 
difference (1/oC) 
5.46e-6 8.57e-6 4.14e-6 2.39e-6 1.02e-6 2.34e-6 
Interfacial CTE 
difference (1/oC) 
12e-6 12.7e3-6 10.46e-6 10.49e-6 7.12e-6 7.94e-6 
Fe-rich edge CTE 
difference (1/oC) 
1.36e-6 2.72e-6 0.25e-6 -0.01e-6 0.85e-6 1.0e-6 
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 B5 and B6 had low interfacial CTE differences of 7.12*10-6 and 7.94*10-6 /oC 
respectively with a minimal effect of the edge CTE difference.  B3 and B4 had similarly medium 
magnitudes of the interfacial CTE differences of 10.46*10-6 and 10.49*10-6 respectively; 
however, the edge CTE differences in the Ni-rich sheets were different.  Finally, B1 and B2 had 
high CTE differences and high CTE difference within both the Fe-rich and Ni-rich layers.  As a 
result, the bending curvature of B5 and B6 calculated by using the 3rd model were similar and 
relatively low.  The calculated curvatures of B1-B4 were more than those of B5 and B6 due to 
considerably larger interfacial CTE differences regardless of the edge CTE differences.  
However, for B1-B4, the converging characteristics of the compositional profiles influenced the 
calculated deflections significantly.  Among B1-B4, the calculated bending curvature of B1 was 
the lowest, even though its interfacial difference was close to that of B2 and higher than those of 
B3 and B4.  This was because the edge CTE difference in the Ni-rich and in Fe-rich sides of B1 
were the highest 5.46*10-6 and 1.36*10-6 oC-1.  The calculated bending curvature for B4 was the 
highest, even though the interfacial CTE difference was medium.  This was because of its 
relatively low edge CTE differences within Fe-rich and Ni-rich sides compared to those of B1, 
B2, and B3. 
The results from the 3rd model are compared to the results from the other models and the 
experiment in Figure 3.39.  The 3rd model evidently describes the resulting bending deflections 
the closest to the experimental results.  This showed that, if more precise compositional profiles 
were input into the numerical calculations, we would be able obtain more accurate predictions of 
the bending deflections of the LCC bimetals.  The experimental deflection of B1 yielded 95% of 
the value predicted by the 3rd model.  However, the experimental deflection of B6 yielded only 
56% of the 3rd model value.   The three models could not predict the bending behaviors of all the 
bars with the same accuracy.  This might be because of the nonhomogeneity of the composition 
in the bars.  The microprobe analysis measured the composition of the bars at random points; so 
the microprobe data may not accurately represent the actual compositional profiles of the bars.  
Moreover, there was also evidence of oxide residues left in the bars.  The oxide residues affect 
the CTE property of materials significantly [7].  In the calculations of all models, we assumed 
that the oxide residues were uniformly distributed in the bars, so the effects from the oxides 
should be minimal to the CTE difference.  However, realistically the oxides were randomly 
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distributed in the bars due to different extents of the reduction in different local regions.  
Therefore, the effects of the oxide residues on the CTE property most likely varied locally in the 
bars. 
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Figure 3.39 The comparison of all the results from all models and the experiment. 
 
3.10 Summary 
 
 LCC bimetallic bars were successfully printed.  However, there were a few difficulties 
during the printing process.  The Fe-30Ni base powders had to be oxidized first in order that the 
slurries could be printed successfully into the powders.  The oxidation of the base powders was 
applied to reduce the surface tension of the base powders and the slurries.  Yet, the oxidation of 
the base powders degraded the reduction quality.  The oxide surface could not be fully reduced 
after an extensive degree of reduction in hydrogen atmosphere. 
 The printed parts could be successfully retrieved.  However, it required special care 
during the retrieval process. The parts could be easily damaged or broken if the air flows were 
too strong.  The edge definition and surface quality of the parts were poor with rough surfaces.  
The base powders started to sinter lightly, so it was difficult to remove all the excess powders 
from the printed parts.  Therefore, the part surfaces were rough with chunks of excess powders. 
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The Fe-30Ni base powders could be densified up to 93% by solid-state sintering.  The 
densification results of the printed bimetallic bars were much lower than 93%.  The main 
problem was from the residual oxide particles that could not be completely reduced, even when 
the reduction process was done at a high temperature and for a long time.  The oxide residues 
hindered the sintering rate and caused low degrees of densification.  From TGA analysis, iron 
oxide and nickel oxide particles could be reduced effectively at temperatures higher than 400 oC.  
However, at temperatures higher than 400 oC, the base powders started to sinter significantly.  
Then, it became more difficult for the reducing gas and the gaseous product to be transported as 
the pore space of the base powders was reduced by sintering.  As a result, the reduction process 
of the oxides inside the bars was not as effective as the reduction process when the oxide 
powders were directly exposed to reducing gas. 
 With a similar problem to sintering, the local homogenization was not ideally achieved.  
The composition of the bars varied along the sheets.  Non-homogeneous degrees of reduction 
inside the bars resulted in non-uniform distributions of oxygen in the bars.  Still, we could obtain 
substantial CTE differences between the Fe-rich and Ni-rich sides of the bars.  However, as 
expected, there was a compositional graded interface between the two sides.   
The bending effect of the LCC bimetallic bars could be observed at an elevated 
temperature.  However, the magnitudes of the bending curvature were not as high as we would 
expect from bimetallic bars with the same CTE difference but without a compositional graded 
layer.  The compositional profiles did influence the measured values of the bending curvatures of 
all bars.  Better and more precise descriptions of the compositional profiles provided more 
accurate predictions of the bending behaviors of the LCC bimetals. 
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CHAPTER 4 DISCUSSION  
  
 The primary goal of this project was to demonstrate the exploit of 3DP to make metallic 
components with LCC.  The processes of making bimetallic bars were developed and 
investigated.  In this chapter, we will synthesize and discuss the results of such investigations, as 
shown in Chapter 2 and 3, corresponding to the thesis goals presented in Chapter 1. 
First, we successfully made binder/dopant slurries for jetting into the Fe-30Ni base 
powders.  Iron oxide and nickel oxide were chosen as dopant materials, because they could be 
dispersed in the slurries with fair dispersing stability.   The dispersions of these oxide powders 
were stable without any sedimentation or settling if they were mechanically recirculated.  One 
downside of these slurries was that their packing fractions were low.  However, from the printing 
results, the compositional profiles show that both Fe2O3 and NiO slurries were minimally filtered 
by the base powders.  Both slurries could transport the dopant particles as deeply as the thickness 
of all of the printed layers. 
The slurries could be jetted through a 50-micron nozzle without any clogging.  However, 
the diameters of the particles in the slurries had to be 1 micron or less and the solid contents in 
the slurries had to be less than 5 vol%. We successfully developed the method of making a slurry 
with sub-micron particles by applying Stoke’s law.  Even though we would like to print 10 vol% 
slurries for substantial amounts of dopant depositions in the base powders, we could only print 5 
vol% slurries to avoid clogging problems.  Therefore, the 5 vol% slurries were printed twice on 
each printed layer to double the deposited amounts. 
The double printing appeared to be effective.  The printed bars with double printing had 
higher magnitudes of compositional shifts than the bars with one printing.  This was measured by 
the compositional difference between the Fe-rich and Ni-rich sides of the bars. 
 We could also solve the “balling effect” problem arising in the binder printing process.  
The slurries took a long time to penetrate the base powders; as a result, balls of powder 
aggregates formed along the printed line.  Then, the Fe-30Ni base powders were lightly oxidized 
at 400 oC for 5 minutes to form thin oxide layers on their surfaces.  As a result, the slurries could 
wet the oxidized powders and, therefore, jetted slurry droplets penetrated the powders within a 
very short time.   
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 However, the results from the printed bars were far from fully successful.  First, the 
reduction of the oxide particles inside the bars was not complete.  There were many controlling 
factors of the reduction rate, e.g. the diffusion and convection of the reducing gas into the porous 
bars, the reaction rate, the diffusion and convection of the gaseous products out off the bars; 
these factors most likely impeded the reduction process.  The reduction reactions of iron oxides 
and nickel oxides require that the reducing gas be refreshed and the gaseous products be 
removed, so the reactions can proceed forward.  Otherwise, the reduction reactions will finally 
reach equilibrium and no more oxides can be reduced; such conditions might have occurred 
during the reduction experiments.  
 The parts’ edge definition was also poor.  The differential strength between the printed 
and unprinted parts was very low.  Therefore, some of the excess powders could not be removed 
from the printed parts causing rough surfaces on the parts.  The poor quality of the parts’ 
surfaces and edge definition was presumably from light sintering of some of the –44 micron Fe-
30Ni powders that were smaller than 4.5 micron in diameter.  These –4.5 micron Fe-30Ni 
powders could sinter as competitively and substantially as the one-micron oxide powders; hence, 
the sintering strength of both powders was similar. 
Moreover, each bar’s bottom surface, which was the first printed layer in a foundation 
layer, was especially rough.  It was difficult to perfectly remove excess powders of a foundation 
layer from the first printed layer.  Over-saturation was likely responsible for the poor bottom 
surface, because the slurries could penetrate into the top part of the foundation layer and impart 
strength to the top part. 
 The reduction process required a high temperature, therefore, the base powders could 
sinter and eliminate porosity.  This elimination of porous channels meant that the diffusion and 
convection paths of the reducing and production gas were limited.  Therefore, even though the 
bars were sintered from low to high temperature for very long time, some of the oxide powders 
were not reduced and resided in the bars.  The skeletons were also densified more during long-
time heating. Therefore, the reduction rate was retarded significantly.  As a result, from the 
microprobe measurement, the residual oxygen contents in all the bars were approximately 0.3-1 
wt%. 
 Likewise, the results of sintering and densification of the bars were poor.  The Fe-30Ni 
powders could only be sintered to 93% densification.  The printed bars were worse with the 
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maximum densification of 80%.  Similar to the reduction process, the densification rate was 
slowed down by the presence of oxide particles.  So, if all the oxide particles present in the bars 
could not be completely decomposed, the degree of densification of the bars would not improve.   
 The other difficulty of sintering was a trade-off between high densification and a 
perfectly local composition control.  The local homogenization process dominates over the 
sintering process during the early stages of the annealing.  If we chose to sinter the bars for long 
time so that they could densify more, we risked homogenizing the entire bars.  A high difference 
in composition between two sides of the bimetals was critical to the desired bimetallic 
performance of the bars.  Therefore, it was almost impossible to obtain high densification while 
conserving a local control of composition. 
 The local control of the composition of the bars still needs a lot of improvement.  First, 
the compositional profiles of all the bars showed that the composition within each sheet of the 
bars was not uniform.  The degrees of reduction varied in different local regions in the bars.  
Therefore, amounts of deposited dopants differed in varying local regions.  High nickel or iron 
contents could be measured where the degree of reduction of the oxide particles was high.  
Moreover, with a presence of oxide particles, the homogenization process took longer due to the 
slow diffusional kinetics in oxide materials.  Therefore, the composition fluctuated randomly 
along the bars. 
 Even though the local homogenization was not uniform, the compositional gradients at 
the interfaces were already present in all the bars.  Therefore, even though we would like to 
anneal the bars extensively to locally homogenize the bars and improve the compositional 
uniformity in both sides of the bars, the interfacial compositional gradients would also diminish.  
Then, the compositional-gradient slopes would possibly became shallower within the bars and 
drastically degrade the bimetallic properties. 
 The compositional profiles also differed for different bars.  The printing and reduction 
profiles were different for each individual bar.  The most important factor for the differences in 
the profiles was the printing order of the slurries.  We had found in both Chapter 2 and 3 that the 
NiO slurry was more stable than the Fe2O3 slurry.  The NiO slurry resulted in a higher packing 
fraction, even though the dispersing stabilities of both slurries appeared to be similar.  Then, as 
evidence in the compositional profiles, the NiO slurry could carry and deposit Ni dopants within 
the base powders deeper than the Fe2O3 slurry could.  Therefore, the printed bars with NiO slurry 
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printed first were thicker than the bars with an inverse printing order; the NiO slurry deposited 
Ni dopants deeper into the foundation layers. 
 Moreover, the working degree of saturation also affected the resulting compositional 
profiles.  The saturation was above 100% and, hence, the slurries were printed to thicker extents 
than the desired printed thicknesses.  As a result, the printed bars with 50-micron and 100-
micron printed layers had dissimilar compositional profiles.  As discussed in Chapter 3, the 
hyper saturation was also one of the main factors causing the compositional fluctuation within 
the Fe-rich and Ni-rich sheets.  
 Finally, the bending deflections of the bimetallic bars were measured and evaluated.  As 
we expected, the degree of deflections depended on the compositional profiles of the bars, since 
the CTE of Fe-Ni alloys is very sensitive to the composition.  The compositional 
nonhomogeneity and the resulting CTE fluctuation within the bars influenced the bending 
behavior of the printed bars to a substantial extent.  The magnitude of the interfacial 
compositional gradients also affected the deflection.  Steep gradients must be retained to get 
good deflection; reducing the magnitude of the gradients reduced the deflection.  Therefore, the 
models to predict the bending behaviors became more accurate as the compositional profiles 
were more precisely input into the models. 
The compositional profiles are very critical to the bimetallic property of the bars.  So, it is 
important that the bimetallic bars’ compositional profiles be controlled.  From the results, we 
have learned that, beside reduction and annealing treatments, the printing order and the 
saturation degree had to be monitored in order to control the compositional profiles.  However, 
the reduction of the oxide particles was still an unsolved problem.  As we just discussed, the 
varying degree of reduction in different local regions caused the compositional fluctuation.  
Moreover, the oxide residues also hindered the rate of local homogenizations and sintering.  It 
will become difficult to precisely control the composition profiles, if we cannot improve the 
reduction results.     
 The investigation of the fabrication of the bimetallic bars with LCC has posed many 
challenges for future LCC projects.   
- First, the technique of depositing oxide powders into the base powders is not as easy 
as we expected.  It is hard to completely reduce the oxide particles.  The base 
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powders need to be large enough that the pore space is large enough for the 
transportation of the reducing gas and the gaseous reduction product. 
- There is a trade-off between high densification and perfectly local control of the 
composition.  We cannot control the composition locally if we want to achieve high 
densification from solid-state sintering.  Parts will most likely homogenize 
excessively before they can reach full density. 
- A dopant/binder slurry should wet base powders very well, so that it can penetrate the 
powders within a very short time.  If we needed to lightly oxidize the base powders as 
we did in this work, we would have an oxide reduction problem as discussed above. 
- Metal-particle slurries might perform better than oxide slurries, since the problem 
from incomplete reduction can be avoided by using metal-particle slurries.  
Therefore, a possible challenge might be the capability to disperse metal powders in 
slurries. 
- The differential strength must be improved in order to obtain a good surface quality 
and edge definition of printed parts.  In this work, a good differential strength was 
difficult to obtain because of light sintering of the base powders.  Therefore, a 
dopant/binder slurry must be able to provide a substantial differential strength at a 
very low temperature at which base powders do not start sintering. 
- The differential strength might also be improved by a better control of size 
distribution of the Fe-30Ni powders.  To be specific, the Fe-30Ni powders should be 
more monomodal without fines.  As shown in Section 3.6, the sintering rate of the 
fine Fe-30Ni powders (~ 4 micron) is about the same as the sintering rate of 1-micron 
oxide powders; as a result, some of the unprintd powders already started sintering 
lightly and could not be removed from the printed bars. 
- Finally, the quality of the slurry is also important.  If we want to deposit two different 
dopants to the same depth extent, the slurries of both dopants must possess similar 
qualities. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
 
5.1 Conclusion  
  
 In this work, the fabrication of bimetallic bars with LCC was done to demonstrate the 
capability of the LCC and 3DP.  From this demonstration, we draw some important conclusions 
that provide better understanding of the science and phenomena importantly relevant to the LCC 
project.  The important conclusions and contributions to the LCC project of this work are 
presented below. 
 First, the materials to be used as dopants must be decomposed at a low temperature and a 
short time.  In this work, both iron oxide and nickel oxide could be reduced to the corresponding 
metals, but the reduction step needed to be at high temperature and take extensive time.  
Therefore, the base powders sintered significantly at the same time.  As a result, the reduction 
step could not be carried to completion. 
 Second, dopant slurries should also wet the base materials very well, so that they can be 
jetted into the base powders without the balling effect.  Even though we could print the slurries 
into the oxidized base powders, we had a difficulty eliminating the oxide surfaces of the base 
powders afterward. 
 Third, the sizes of the particles in the slurries should be much smaller than one micron.  
In this work, we jetted the slurries with a maximum size approaching one micron.  But the 
strength contrast between the printed and unprinted regions was still low.  Even though we could 
retrieve the printed parts, the surface quality and edge definition of the parts were still very poor. 
 Fourth, the oxide residues caused poor outcomes of sintering and homogenization 
process.  The densification of the printed bars was low.  The compositions were fluctuating.  
Therefore, the need to completely reduce dopant materials is critical to the qualities of 
densification and local homogenization results. 
 Fifth, the printing order of the slurries and the printing saturation significantly influenced 
the outcomes of the compositional profiles of the printed bars.  Therefore, besides annealing and 
reduction treatments, we also have to control the printing order and saturation in order to control 
the resulting compositional profiles. 
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 Sixth, the trade-off between sintering and local homogenization kinetics is critical.  A 
homogenization process is dominant during the early stage of annealing.  Therefore, it is 
doubtful if high densification can be achieved while the local control of composition can be 
retained.  As we have shown in Chapter 3, the shallow interfacial compositional gradients were 
present in all of the compositional profiles of all the LCC bimetals.  These shallow gradients 
were the evidence of the homogenization between the Fe-rich and Ni-rich sheets. 
 Finally, it was evident that the compositional profiles of the materials critically influence 
materials properties.  As demonstrated with the bimetallic bars, the CTE of local regions in the 
bars varied with the composition profiles.  Apparently, the different bending behaviors of all the 
bars, which strongly depend on the CTE difference in the bars, resulted from the dissimilar 
composition profiles. 
 
5.2 Future work 
 
 The suggested future work includes: 
- Improved bimetallic bars: the quality of the bimetallic bars can be improved to 
certain extent by controlling the reduction and annealing treatment, the printing order, 
and the saturation.  By controlling these factors, we should be able to obtain more 
reproducible results of the compositional profiles and, hence, the bending deflections 
of the bimetallic bars.  However, we do not expect to gain extensive improvements on 
local homogenization, densification and reduction, since iron oxide and nickel oxide 
are both difficult to reduce completely inside printed samples.   
- Improved approaches of LCC: solid-state sintering is a poor method to fully densify 
printed parts, especially if the local control of the composition is important to be 
conserved.  Therefore, an alternative method to fully densify the parts should be 
considered, e.g. transient liquid phase infiltration. 
- High-quality dopant/binder material systems: dopant/binder slurries are very 
critical to the success of the LCC project.  First, materials used in the slurries must be 
decomposed at low temperature and short time, so that all unwanted materials can be 
eliminated from printed components.  The contamination of these unwanted residues 
seriously affects the properties of the printed components.  Therefore, metal-particle 
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slurries might be alternative choices to oxide slurries, since the problem from 
incomplete reduction can be avoided.  Finally, the slurries should also provide high 
differential strength between the printed and unprinted regions, so that the parts’ edge 
definition and surface quality are improved. 
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APPENDICES 
 
A.1 TGA analyses on Fe3O4 powders 
  
  We also did TGA analysis on Fe3O4 powders.  The Fe3O4 powders were ordered from 
Atlantic Equipment Engineers, Bergenfield, N.J.  The trade name is black iron oxide.  The 
weight percent of Fe in Fe3O4 is approximately 72%.  The TGA heating profiles on the Fe3O4 
powders were: 
1. Hold for 1 minute at 25 oC. 
2. Heat from 50 oC to 900 oC at 100 oC/min. 
3. Hold for 60 minutes at 900 oC. 
  Figure A1 and Figure A2 show the TGA results for Fe3O4.  Since the ramping rate is 100 
oC/min, it will take about 8.5 minutes to heat the sample to 900 oC.  Therefore, on Figure A2, 
after 8.5 minutes, it took about 31.5 minutes at 900 oC to completely reduce the sample.  After 40 
minutes, the weight of the sample remained steady at approximately 72 wt%, equal to the weight 
percent of Fe in Fe3O4. 
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Figure A1 TGA plot of the weight fraction of Fe3O4 vs. temperature 
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TGA analysis: Fe3O4
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Figure A2 TGA plot of the weight fraction of Fe3O4 vs. time 
 
A.2 Calculation of a composition change by a given amount of NiO or Fe2O3 
addition 
 
 The composition change of the Fe-30wt%Ni base powders after printing NiO or Fe2O3 
slurries were calculated to estimate the possible compositional difference between the two sheets 
of the bar.  In the calculation, we assumed that: 
1. All unwanted materials were evaporated and eliminated after heat treatment.  And the 
reduction step was complete. 
2. The slurries filled up the pore space inside the printed bars. 
3. Each type of the oxide powders were homogeneously distributed inside each 
corresponding sheet. 
4. Packing fraction of the spreading powder bed was PF (a fraction of 1). 
The nickel content of the Fe-30wt%Ni powders would then increase with addition of NiO 
and decrease with addition of Fe2O3.  The volume percents of Ni in NiO and Fe in Fe2O3 are 
59% and 52.7% respectively.  Therefore, NiO and Fe2O3 slurries with X vol% of oxide powders 
contain 0.59X and 0.527X vol% of Ni and Fe correspondingly.  And, if an X vol% NiO slurry 
 110
was printed and completely fill the pore space of the Fe-30Ni powders, the Ni content of the 
printed powders after reduction and annealing would be: 
100
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 where WNiFinal is Ni weight percent after reduction and annealing, WNiFe-30Ni is Ni weight 
percent of the Fe-30Ni base powders, PF is a packing fraction of the spreading powder bed, ρFe-
30Ni, Ni are densities of Fe-30Ni and Ni respectively, and X is the vol% of NiO in the slurry. 
 A similar calculation can be used to obtain the final composition after heat treatment 
changed by printing of a Fe2O3 slurry. 
 
A.3 Calculation of required volume fractions of Fe2O3/NiO in the slurries  
 
  As mentioned in previous chapters, the additional volumes of Fe and Ni filling the pore 
space must be the same.  These were the volumes of the remaining Fe and Ni after a reduction 
step assuming that the reduction was complete.  The volume percents of Fe in Fe2O3 and Ni in 
NiO are 52.7% and 59% respectively.  Therefore, if 5 vol% of an Fe2O3 slurry was to use for 
printing, then the vol% of a NiO slurry would have to be 5*52.7/59 = 4.47 vol%, so that the 
remaining volumes of Fe and Ni after reducing Fe2O3 and NiO were the same.    
 
A.4 Calculation for linear shrinkage from densification data 
 
  Linear shrinkage of each bar was calculated from densification data in order to find the 
initial thickness of the bar.  First, volume shrinkage could be derived from densification data.  
For example, if the starting packing fraction of a printed part is X% and densification after 
sintering is Y%, the volume shrinkage, Vs, of the part will be equal to: 
%1001 ×

 −=
Y
XVs  
 Finally, the linear shrinkage, Ls, is approximately one third of the volume shrinkage: 
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A.5 Plot of Bessel Function J0 
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Figure A3 Bessel Function 
 As shown in the plot above, the Bessel function J0 oscillates around x-axis.  And, µn, a 
value at which Jo(µn) is zero, increases with n. 
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A.6 Contact info 
 
Table A1 Manufacturers’ contact info 
Company Product Tel. number 
AlfaAesa, MA. Fe2O3 powders 1-800-343-0660 
Atlantic Equipment Engineers, 
NJ. 
Fe3O4 powders 201-384-5606 
Bodycote IMT Inc., MA. Hot Isostatic Pressure (HIP) 978-470-1620 
Ciba Sepcialty Chemicals 
Corporation, NC. 
Lodyne S-100 (Fluoroalkyl 
Amino Carboxylic Acid Solution) 
1-800-873-1138 
Exxon Mobil Chemical 
Company, TX. 
Isopar M fluid (hydrocarbon) 1-800-726-2015 
FerroTech, NH. Ferrofluids 603-883-9800 
Hood&Co Inc., PA. Bimetallic sheets 1-800-494-3841 
MMR Inc., MA. Chemical composition analysis 508-835-6262 
Norstone, Inc., PA. Grinding media 215-635-1366 
Novamet, NJ. NiO powders 201-891-7976 
Ultrafine Powder Technology 
Inc., RI. 
Fe-30Ni powders 401-769-5600 
 
